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Abstract
The main goal of this dissertation is to study the fatigue behaviour of 18Ni300 maraging steels,
produced either by conventional manufacturing processes and by a specific additive manufacturing
process, the Selective Laser Melting (SLM), (Laser Powder Bed Fusion).
In order to perform a fatigue characterisation of this material, four point bending fatigue tests
were performed under in four different conditions aiming to derive the S-N curves for each series
of specimens. Four different batches of 12 specimens are proposed: two of them produced by
conventional manufacturing (CM), and the two others produced by AM. For the CM specimens,
one batch was tested in the as-delivered condition, after machining, and the other one after a heat
treatment (solution annealing and ageing). The latest presents better mechanical properties, such
as the ultimate tensile strength and hardness. The objective is to evaluate the influence of the heat
treatment on the fatigue behaviour of the specimens. For the AM specimens, in one of the batches,
the notch was produced during the SLM process and was in the as-built condition (B series), while
the other series the notch was machined after the SLM process (A series). The goal is to analyse
the influence of the surface roughness on the notch area on the fatigue behaviour, since the B
specimens series presents a much worse surface quality than the A ones.
A metalographic analysis of the materials was carried out through microstructural observations
in order to evaluate porosity and defects present on the samples. Additionally, hardness and surface
roughness measurements were performed.
Miniature specimens with the geometry proposed in the literature were adopted for this study.
Since the fatigue testing machine available for this study was not adapted for these specimens,
due to their small dimensions, a gripping mechanism was proposed and validated through FEM
analysis. Furthermore, the machine was also transformed in order to perform four point bending
tests instead of three point bending.
FEM simulations were carried out using Abaqus, firstly to validate the gripping mechanism
and then to establish comparisons between the experimental values and the numerical ones. In
addition, the numerical simulations allowed to estimate the stress values around the notch which
is crucial to derive the S-N curves. With the purpose of evaluating the influence of the surface
roughness on the fatigue behaviour of parts, several measured surface profiles were introduced on
the notch surface on Abaqus® software, and numerical stresses were obtained.
The CM specimens presented a better fatigue behaviour than the AM specimens. On the AM
specimens, the A specimens (machined) presented a better fatigue behaviour than the B specimens
(as-built). The numeric model revealed to be too rigid, justifying the high values of stresses and
reaction forces obtained.
Keywords: Metal Additive Manufacturing; Fatigue behaviour; 18Ni300 Maraging steel; crack
propagation; miniature specimens.
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Resumo
O principal objetivo desta dissertação é estudar o comportamento à fadiga de aços maraging
18Ni300, produzidos quer pelos processos de fabrico convencionais, quer por um processo es-
pecífico de fabrico aditivo (FA), o Selective Laser Melting (SLM), (Laser Powder Bed Fusion).
De modo a realizar uma caracterização à fadiga deste material, ensaios de fadiga de flexão
em 4 pontos foram realizados sob quatro condições distintas com o intuito de obter as curvas
tensão-vida para cada série de provetes. Quatro lotes distintos de 12 provetes foram propostos:
dois deles produzidos pelos processos de fabrico convencionais (CM), e outros dois produzidos
por fabrico aditivo. Para os provetes CM, um dos lotes foi testado na condição as-delivered, após
maquinagem, enquanto o outro sofreu um tratamento térmico (solubilização e envelhecimento).
Este último apresenta melhores propriedades mecânicas, tais como a tensão de cedência e dureza.
O objetivo é avaliar a influência do tratamento térmico no comportamento à fadiga dos provetes.
Para os provetes de FA, num dos lotes o entalhe foi produzido durante o processo SLM e foi
testado nesta condição as-built (série B), enquanto no outro lote o entalhe foi maquinado após o
processo de impressão (série A). O objetivo é analisar a influência da rugosidade superficial na
área do entalhe no comportamento à fadiga, uma vez que os provetes B apresentam uma qualidade
superficial muito inferior à dos provetes A.
Uma análise metalográfica foi realizada através de observações da microestrutura de modo a
avaliar a porosidade e defeitos presentes nas amostras. Adicionalmente, medições de dureza e de
rugosidade superficial foram também realizadas.
Os provetes miniatura com a geometria proposta na literatura foram adotados para este estudo.
Uma vez que a máquina disponível para este projeto não estava adpatada para estes provetes,
devido às suas pequenas dimensões, foram projetado um mecanismo de amarras e validado através
de uma análise de MEF. Adicionalmente, a máquina de ensaios de fadiga foi também transformada
de modo a realizar ensaios de flexão em quatro pontos em vez de flexão em três pontos.
Foram elaboradas simulações de MEF com recurso ao Abaqus, primeiramente de modo a
validar o mecanismo de amarras e posteriormente para estabelecer comparações entre os valores
experimentais e numéricos. As simulações numéricas permitiram ainda estimar valores das ten-
sões em torno da área do entalhe cruciais para a derivação das curvas tensão-vida. De modo a
avaliar a influência da rugosidade superficial no comportamento à fadiga das peças, vários perfis
de superfícies foram medidos e introduzidos no software Abaqus, e as tensões foram obtidas.
Os provetes CM apresentaram melhor comportamento à fadiga do que os provetes AM. Nos
provetes AM, os provetes da série A (maquinados) apresentaram um melhor comportamento à
fadiga do que a série B (as-built). O modelo numérico numérico revelou ser demasiado rigido,
razão pela qual os valores das tensões e reações obtidos são tão altos.
Palavras-chave: Fabrico Aditivo Metálico; Comportamento à fadiga; Aço Maraging 18Ni300;
propagação de fenda; provetes miniatura.
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Chapter 1
Introduction
1.1 Framework and Motivation
This research topic is related with the fatigue behaviour of metal components produced by additive
manufacturing. The present work integrates the ongoing project Add.Strength entitled "Enhanced
mechanical properties in additive manufactured components". This project is integrated in the
Advanced Manufacturing Processes unity (UTAF) at INEGI and has been funded by Portuguese
Science Foundation (FCT). INEGI, Institute of Science and Innovation in Mechanical and In-
dustrial Engineering, is a Research and Technology Centre (RTO), strongly connected with the
Faculty of Engineering of the University of Porto, focused on applied Research and Development
(R&D), Innovation and Technology Transfer activities for the industry.
Add.Strength is a research project focused on the assessment of the fatigue strength of com-
ponents obtained by additive manufacturing. This project also aims to characterize materials used
in metal additive manufacturing by performing experimental fatigue tests and by developing com-
putational models to analyse relevant topics such as the residual stress field and distortions.
Additive Manufacturing is one important tools of the new industrial revolution named Industry
4.0. In fact, it allows the creation of functional customised components for high performance
applications, often with complex geometries difficult or impossible to obtain via conventional
manufacturing. However, in order to fulfill the industry requirements, in terms of production
speed, costs, mechanical behaviour and surface quality, there is still a long path of research and
development to be performed.
This dissertation integrates the Add.Strength project by carrying out a study on the character-
ization and fatigue behaviour of the 18Ni300 maraging steel, either produced by Selective Laser
Melting (SLM) and conventionally (wrought method). To do so, several characterisation pro-
cesses were performed, such as surface roughness measurements, hardness measurements, and
microstructural analysis. To evaluate the fatigue behaviour, 4-point bending fatigue tests were
performed with specimens from both manufacturing methods, with different surface conditions
and different heat treatments with the main goal of evaluating the fatigue behaviour of these ma-
terials, establishing a comparison between them and between different conditions.
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1.2 Objectives
The main goal of this dissertation is to characterise the 18Ni300 maraging steel produced by
SLM and to evaluate its fatigue behaviour. This steel is used in the mold and tooling industry,
for high-end applications where its mechanical properties are crucial. The goal is to evaluate the
influence of the surface conditions and heat treatment in terms of fatigue strength and to compare
the fatigue behaviour of the specimens produced by AM and conventional wrought method. In
the conventional specimens, the influence of the ageing and solution annealing treatments will
be evaluated. In the AM specimens, the influence of the surface roughness on the notch area
will be studied. To perform this evaluation several parameters need to be analysed. Hence, some
intermediate objectives were defined:
• A theoretical review on metal additive manufacturing, with focus on the SLM process,
maraging steels characteristics, properties, heat treatments and applications, and on fatigue
characterization and fatigue testing;
• Develop a gripping mechanism to test miniature specimens in the machine assigned for this
dissertation and a new displacement actuator to transform the previous 3-point bending tests
into 4 point bending;
• Validate the experimental set-up by means of a Finite Element Analysis (FEA). In addition,
the stress concentration at the root of notch will be evaluated;
• Perform a material characterization by doing metalographic analysis, hardness and surface
roughness measurements of the specimens of different materials and different conditions;
• Carry out 4-point bending fatigue tests in order to plot S-N curves for both materials;
• Study crack propagation and predict fatigue life for crack growth based on Virtual Crack
Closure Technique (VCCT) and Fracture Mechanics based fatigue approach;
• Evaluate the influence of surface roughness in terms of the stress concentration by perform-
ing FEM simulations with different surface roughness profiles at the notch area.
1.3 Structure
The structure of this dissertation is divided in the following chapters:
• Introduction: The framework and motivation of the dissertation are presented as well as
the involved institutions and the main topics and objectives;
• Theoretical Review: A literature review is performed approaching the main subjects and
topics involved in this work: additive manufacturing, maraging steels and fatigue;
• Experimental Work: The description of all the performed tests and evaluations. The ma-
terials, equipment, performed tests and followed standards are explained in this chapter;
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• Results and Discussion: The presentation and discussion of the results of all performed
tests, and Finite Element Method simulations are presented;
• Conclusions and future works: The the main conclusions and possible future works which
would enrich this topic and giving sequence to the present work are presented.
3
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Chapter 2
Theoretical Review
2.1 Fatigue
Fatigue is the phenomenon of the progressive damaging of materials under cyclic stresses or strains
[1]. According to ASTM, fatigue is defined as the process of permanent structural changes, pro-
gressive and localized, which occurs in materials under conditions which create dynamic stresses
or strains, in one or multiple locations. It can result in the creation of cracks and complete frac-
ture after a sufficient number of load variations [2]. Fig. 2.1 illustrates the fatigue phases: crack
initiation, crack propagation and failure.
Figure 2.1: Fatigue failure of a bolt. Failure started at A, propagated across the cross section as
shown in B and final fracture happened in C [3].
Fatigue life can be defined as the number of cycles of stress or strain variations under a defined
amplitude that a specimen or a part can be subjected to before failure. It can be divided into 4 types
[2]:
• Ultra low-cycle fatigue: number of cycles is lower than 102;
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• Low-cycle fatigue: number of cycles is lower than 105;
• High-cycle fatigue: fatigue occurs between 105 and 107;
• Very-high-cycle fatigue: number of cycles is bigger than 107.
Trivially, the number of cycles until failure increases with the decreasing of applied stress
variation. Strains associated with high cycle or gigacycle fatigue are usually small, being mainly
in the elastic field. In the other referred fatigue regimes, plastic strains are determinant.
2.1.1 Stress-Life Method
The stress-based approach, used since the mid-1800s is a standard method of fatigue analysis and
design. It is also referred to as stress-life or S-N approach. In this method, cyclic stresses are the
governing parameter for fatigue failure, high-cycle fatigue conditions are verified: a high number
of cycles to failure, and little plastic deformation due to cyclic loading.
During fatigue testing, the specimen is subjected to alternating loads until failure. The loads
applied to the specimen are defined by either a constant stress range (∆σ ) or a constant stress
amplitude (σa) [4]. Stress range is defined as the difference between maximum stress (σmax) and
the minimum stress (σmin) in a cycle:
∆σ = σmax−σmin (2.1)
Stress amplitude is half of the stress range:
σa =
∆σ
2
(2.2)
Conventionally, tensile stresses are considered positive and compressive stresses negative. The
stress range or amplitude is the independent variable (controlled) and the number of cycles to
failure is the stress dependent variable (response).
The number of cycles to failure is the fatigue life (N f ) and each cycle is equal to 2 reversals
(2N f ) [4].
Stress ratio is frequently used in fatigue literature which is defined as:
R =
σmin
σmax
(2.3)
Two common reference test conditions used for obtaining fatigue properties are R = 0 and
R =−1. The latest is referred to as fully reversed condition since the loading is alternating about
a zero mean, i.e. σmin = −σmax. Hence, mean stress (σm) can be defined as:
σm =
σmax+σmin
2
(2.4)
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R = 0 corresponds to σmin = 0 and is called "pulsating tension". Nomenclature used in fatigue
design has been imposed on the constant amplitude stress versus time function as shown in Fig.
2.2
Figure 2.2: Nomenclature of constant amplitude sinusoidal [5].
In order to generate useful data using the stress-life approach, stress-life fatigue tests are car-
ried out on several specimens at different stress amplitudes over a range of fatigue lives for iden-
tical specimens. Afterwards, the fatigue test data are plotted on a semi-log or log-log coordinates
[6].
Plotting the test data on logarithmic scales usually leads to an approximately linear correlation
for steel details, in the finite life regime:
log(N) = log(C)−mlog(∆σ) (2.5)
where 1/m is the slope of the straight line and C is a constant. These coefficients depend on
loading conditions and material. This relation can also be be found in the following form:
N(∆σ)m =C (2.6)
A general S-N curve is shown in Fig. 2.3, where the fatigue limit ∆σ0, is the stress range below
which fatigue failure does not occur.
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Figure 2.3: Schematic S-N curve [6].
2.1.2 Stress Concentration and Notch Sensitivity
The existence of irregularities or discontinuities, such as notches in a part, result in the increase
of the theoretical stresses in those areas. These discontinuities are called stress raisers and the
regions at which they occur are called areas of stress concentration.
There is a geometric stress-concentration factor Kt used to relate the actual maximum stress at
the discontinuity, σmax1 to the nominal stress (σ0), defined by:
Kt =
σmax
σ0
(2.7)
Nominal stress σ0 is calculated using the elementary stress Equations. Note that Kt depends ex-
clusively on the geometry of the part, i.e. the material has no effect on its value. Analysis of
geometric shapes to determine Kt are quite complex, which results in the need of finding these
factor using experimental techniques. Even the finite element method may have limitations on
finding the true maximum stress, as elements are indeed finite.
Nonetheless, some materials are not fully fatigue sensitive to the presence of notches. Hence,
a reduced value of Kt can be used. For these materials, the effective maximum stress in fatigue is
given by:
σmax = K fσ0 (2.8)
where K f is a reduced value of Kt . K f is the fatigue strength reduction factor. This way, K f is
defined by:
K f =
maximum stress in notched specimen
stress in notch-free specimen
(2.9)
The relation between Kt and K f is given by the notch sensitivity, q, defined by:
q =
K f −1
Kt −1 (2.10)
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If q = 0, K f = 1, and therefore the material reveals no sensitivity to notches. If q = 1, K f = Kt
and the material has full notch sensitivity [3]. This last possibility is verified in brittle materials,
and in materials with very high tensile strengths, such as the steel targeted in this dissertation, the
18Ni300.
2.1.2.1 Miner’s Law
Miner’s Law is a cumulative linear fatigue damage rule [7]. Due to its simplicity, it is still the most
used cumulative damage law used in the present. According to Miner, the induced damage caused
by a load block i with constant load or strain and a duration of ni cycles can be calculated by:
D =
ni
N f
(2.11)
where N f is the number of cycles until rupture for constant amplitude loading. The cumulative
damage which results from the application of m load blocks, can be determined by adding directly
the induced damage by each one of the individual blocks as shown in Equation (2.12). Rupture is
characterized by D = 1
D =
m
∑
i=1
ni
N f
(2.12)
2.1.3 Mean Stress Effect
The fatigue damage of parts is influenced by the applied stress amplitude, or stress range, and
secondarily by the mean stress. In the high-cycle fatigue region, normal mean stresses have a
significant effect on fatigue behaviour of components, as they are responsible for the opening and
closing of microcracks.
In fact, the opening of microcracks accelerates the crack propagation rate and their closing
delays this rate. Hence, tensile normal mean stresses worsen the fatigue behaviour of the part,
and compressive normal mean stresses are beneficial in terms of fatigue strength. In the low-cycle
fatigue region the influence of mean stress is not significant, as a lot of plastic deformation occurs,
relaxing any mean stress [5].
2.1.4 Fatigue Test Specimens
There are several fatigue test specimens used in different machines in order to evaluate the fatigue
performance of parts. Some of the common specimens for obtaining fatigue data are presented
in Fig.2.4. They are used to obtain total fatigue life, including crack nucleation and crack growth
until failure or just fatigue crack propagation. These specimens are usually finely polished in order
to minimize the effect of surface roughness. ASTM Standards such as the E466, E606 and E647,
(see Table 2.1) provide guidelines to surface preparation for fatigue specimens among other testing
procedures [5].
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Table 2.1: ASTM standards related to fatigue testing [5].
E446 Conducting Force Controlled Constant Amplitude Axial Fatigue Tests of Metallic Materials
E606 Standard Test Method for Strain-Controlled Fatigue Testing
E647 Standard Test Method for Measurement of Fatigue Crack Growth Rates
Figure 2.4: Fatigue test specimens: a) Rotating bending; b) Axial uniform. b) Axial hourglass;d)
Axial or bending with circumferential groove; e)Cantilever flat sheet/plate; f) Tubular combined
axial/torsion g) Axial cracked sheet/plate; h) Part-through crack; i) Compact tension; j)Three-point
bending.
On the other hand, when it comes to additive manufactured specimens, it is important to test
specimens with the as-built surface conditions, as one of the main goals is to produce near-net
shape MAM parts, as machining complex geometries is difficult or even impossible sometimes.
This way, it is common to test machined specimens (polished) and as-built ones, in order to eval-
uate the influence of the surface roughness.
Additionally, MAM parts are much more expensive than conventionally manufactured ones.
This way, miniature specimens were proposed as a solution to this problem [8]. These specimens,
as the name suggests, are much smaller than the standard specimens, turning them into a more
economical solution for extensive testing. The specimen proposed by Nicoletto [8] is one example
10
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of these specimens. This particular specimen will be discussed further ahead.
2.1.5 Fracture Mechanics Approach
Fracture Mechanics deals with the irreversible process of rupture nucleation and growth of cracks.
The formation of cracks depends on the microstructure of the solid, surface conditions, applied
loading and environment. The microstructure plays a major role in a fracture process due to
precipitates, inclusions, grain size and type of phases present in the microstructure [9]. The Frac-
ture Mechanics approach is used to evaluate the fatigue life prediction of components with initial
cracks. This approach is often performed as a complement to the stress-life approach. The Fracture
Mechanics can be divided into two main groups: the Linear Elastic Fracture Mechanics (LEFM)
and the Elastoplastic Fracture Mechanics (EPFM). In the current work only the first one will be
target of study [6].
The stress fields near crack-tips can be originated by three basic loading types (see Fig.2.5)
[10]. The opening mode, often refered as Mode I is associated with in-plane displacement in
which the crack surfaces move directly apart (symmetric with respect to the x-y and x-z planes).
The edge-sliding mode, or Mode II is characterised by displacements in which the crack surfaces
slide over one another. The third mode is the tearing mode, or Mode III in which the crack surfaces
slide in out of plane deformation.
Figure 2.5: Pure fracture modes [11].
Mode I can be analyzed as a two-dimensional plane-extensional problem within the theory of
elasticity. Irwin proposed the stress intensity factor in order to describe the severity of the stresses
surrounding a crack tip [10]. This factor, KI , is expressed according to Equation (2.13):
KI = Yσ
√
pi a (2.13)
where σ is the remotely applied stress, a is the crack length and Y is the stress intensity magnifi-
cation factor which depends on the loading and geometry conditions [6].
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When K reaches a critical level (KIC), the pre-existing crack propagates in an unstable way. In
a cyclic loading, the range of the stress intensity factor, ∆K, for the stress range ∆σ is [12]:
∆KI = Y ∆σ
√
pi a (2.14)
To develop fatigue strength data, a number of specimens are tested at various ∆σ levels. As-
suming an initial crack length ai, the crack growth as a function of the number of stress cycles N
depends on ∆σ , that is, ∆KI . ∆K value below which the crack will not grow is named of ∆Kth, the
fatigue cracking threshold. Fig. 2.6 shows the relation between the number of stress cycles and
the crack length. As (∆σ)3 > (∆σ)2 > (∆σ)1, it can be stated that an higher stress range leads to
a faster crack growth rate per cycle, da/dN.
Figure 2.6: The increase in crack length a from an initial length ai, function of the number of
cycles N for different stress ranges [3].
A generic log-log plot of da/dN vs ∆K is shown in Fig. 2.7. This curve can be divided into 3
different regions. The first one, region I is characterized by low crack propagation speeds and is
associated to the fatigue threshold, ∆Kth, below which crack propagation does not occur. Region
II corresponds to linear part of the graphic, and is defined by the Paris law, presented in Equation
2.15. In this region, the crack propagates in a stable way. Region III corresponds to the unstable
propagation of the cracks.
12
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Figure 2.7: Schematic of the da/dN vs ∆K curve [6]
In order to relate the fatigue crack growth with the stress intensity factor range, ∆K, at the
crack tip, several relations have been proposed such as the Paris law [13]:
da
dN
=C(∆K)m (2.15)
where C and m are material based constants obtained experimentally. This Equation is only valid
for the linear region of the log-log plot of da/dN vs ∆K.
Santos et al.[14] studied the crack propagation of the 18Ni300 testing CT specimens. When
analyzing the results, they verified two crack propagation regimes: near the threshold with high
influence of ∆K value and the log-linear region quantified by the Paris law. In order to analyze the
results in both regions they resorted of Equation (2.16) proposed by Hartman and Schijve [15]:
da
dN
=C(∆K−∆Kth)m (2.16)
By using this Equation instead of Equation (2.15), the influence of ∆Kth is considered and the
crack propagation is studied in regimes I and II.
Substituting and integrating Equation (2.16) it is possible to estimate the number of cycles to
produce a failure, N f , after the initial crack is formed based on Equation (2.17):∫ N f
0
dN = N f =
1
C
∫ a f
ai
da
(Y∆σ
√
pia)m
(2.17)
where ai is the initial crack length, a f the final length corresponding to failure. In order to predict
N f an approximation to Equation (2.17) is given in Equation (2.18) in the form of a summation:
N f =
a f
∑
ai
∆a
C(Y ∆σ
√
pia)m
(2.18)
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The previous equations are based on Paris Equation but they can be writeen for other crack prop-
agation functions.
2.1.6 J-Integral
J-integral, firstly proposed by Rice in 1968 [16], represents a method of calculating the strain
energy release rate per unit fracture surface area [17]. When verifying large plastic deforma-
tion at the crack tip, the elastic strain energy release rate, G can not be used to characterize the
crack behaviour. This way, Rice [16] proposed a path-independent J-integral to determine the
energy release rate, in an elastic-plastic analysis where the plastic strain is not ignored. For a
two-dimensional analysis, J-integral is given by:
J =
∫
Γ
(Wdy−T) ∂u
∂x
ds (2.19)
where W is the strain energy per unit volume given by:
W =
∫ ε
0
σdε (2.20)
and Γ is a anti-clockwise closed contour, as the one presented in Fig. 2.8, T is the traction vec-
tor perpendicular to Γ, ds is an element of Γ and u is the displacement. This integral is path-
independent, meaning it has a single value regardless the shape of the contour. When there are no
cracks along the contour, the value of J-integral is zero.
For linear elastic conditions, J-integral is identical to G. In these conditions J-integral can also
be related with K [18]:
J =G =
K2
E
(planestress) (2.21)
J = G =
K2
E
(1−ν2) (planestrain) (2.22)
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Figure 2.8: Schematic of path-independent J-integral [17].
2.1.7 Virtual Crack Closure Technique
The virtual crack closure technique is a method used to compute the strain energy release rate
based on results from finite element analysis. There are two different approaches, both based
on the energy release rate, resulting from nodal forces at the crack tip, multiplied by the nodal
displacements, located at the crack tip [17].
The first method is the finite crack extension method. This method requires two complete
analysis. In the model the crack gets extended for a finite length prior to the second analysis. It
provides one global total energy release rate as global forces are multiplied with global deforma-
tions to calculate the energy available to grow the crack. That is, firstly forces are measured at the
crack tip and then displacements of both nodes that are split in the second step [18]. The strain
energy release rate can be approximated by [17]:
G =
∆U
∆a
=
U2−U1
∆a
(2.23)
where U1 and U2 are the strain energies associated with crack lengths a and a+∆a, respectively.
Hence, two analyses are required, for two different crack lengths, differing ∆a, resulting in high
computation times.
The virtual crack extension method requires only one complete analysis in order to obtain
the deformations. The total energy release rate, G or J-integral is computed locally at the crack
front. The total energy release rate is a function of the direction in which the crack was extended
virtually, yielding information on the most probable growth direction [18]. Equation (2.24) allows
the calculation of the strain energy release rate for mode I, GI , with the four-noded elements shown
in Fig. 2.9 a) [17, 19]:
GI =
1
2∆a
[Fyi (uyk−u′yk)] (2.24)
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where Fyi is the nodal force at the crack tip and uyk and u′yk the opening displacements at the crack
faces elements
.
Figure 2.9: Linear elements (a) and quadratic elements (b): nomenclature for VCCT computations
[17].
If quadratic elements are used around the crack tip, as presented in Fig.2.9 (b), GI can be calcu-
lated using the nodals forces at and ahead of the crack tip (Fyi,Fy j) and the opening displacements
behind it (uyk,u′yk) [17, 20]:
GI =
(uyk−u′yk)
∆a
[Fy j +(1,5pi−4)Fyi] (2.25)
Irwin’s VCCT is limited to linear elastic material and to a very small plastic zone size at the
crack tip as VCCT assumes that the required work to extend a crack is equal as the one necessary
to close it. In the presence of a large plastic zone at the crack tip, this assumption is not correct
due to the large amount of plastic energy dissipation. In this case, J-integral is a better technique
to characterize crack behaviour [17].
2.2 Additive Manufacturing
2.2.1 Introduction
Additive manufacturing is defined by the standard ISO/ASTM 52900 standard [21] as the process
of joining materials to create parts based on 3D model data. It is called additive as instead of
removing material as it is done in conventional manufacturing processes, such as drilling, milling,
etc., the parts are built adding material layer upon layer [22]. Additive Manufacturing offers
design freedom for building internal and external part geometries which could not be produced
by subtractive manufacturing and enables the production of functional parts in small lots for end-
user customization. The delay between design and manufacturing is minimized by the ability
to net-shape manufacture parts with high geometric complexity without the need of tooling and
16
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machining. This process of producing parts is composed by several essential steps as illustrated in
Fig. 2.10. Firstly,the CAD file is converted into STL. It is then manipulated in STL and transferred
to the AM machine, where printing parameters are chosen and the part is printed. Afterwards, it is
removed from the machine, and some post-processing may be applied.
Figure 2.10: Generic AM process steps [23].
2.2.2 AM Processes
AM processes can be divided into several categories according to the different methods used to
produce parts. The categories are the following [22]:
• Binder Jetting: Additive Process where a binding agent is selectively deposited in order to
connect powder materials;
• Material Jetting: Additive process in which material droplets are selectively deposited;
• Material Extrusion: Process in which material is drawn through a nozzle, heated and de-
posited layer by layer;
• Directed Energy Deposition: A concentrated thermal energy source is used to melt material
during its deposition;
• Powder Bed Fusion: Process in which a thermal energy source selectively melts a powder
bed, layer by layer;
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• VAT Photopolymerization: Photopolymers are selectively cured using a UV light;
• Sheet Lamination: Material sheets are bonded together.
2.2.3 Metal Additive Manufacturing
The target of this dissertation, as it was mentioned before, is to study and analyse the fatigue
behaviour of the 18Ni300 steel produced by Additive Manufacturing carrying out 4 point bending
cyclic tests on specimens with reduced dimensions (22× 7× 5mm3) Hence, only AM processes
which use metals are going to be approached. Moreover, Laser Powder Bed Fusion (L-PBF) will
be explained in a more detailed way, since the specimens studied in this project were produced by
this process.
The technologies relevant for metal additive manufacturing are Powder Bed Fusion, Directed
Energy Deposition (DED), Binder Jetting and Sheet Lamination. PBF can be divided in two
different categories: Selective Laser Melting (SLM), also known as (L-PBF), and Electron Beam
Melting ( EBM). The difference between them consists in the energy source used to melt the
powders. In SLM, a laser is used while in EBM it is a beam of electrons. In DED, as the material
is being deposited, a focused thermal energy source, usually a laser or an electron beam, is used
to melt it. In this process, the material is a metal powder or a wire. DED can also be named laser
cladding or blown powder AM. In fact, DED uses a 4 or 5 axis motion system or a robotic tool to
move the deposition head, allowing the construction of successive layers not just horizontal. The
ability to do so makes DED suitable for the addition of material to existing parts. This is used to
repair worn-out parts or to add new features to existing ones.
It is also relevant to categorize these processes according to the material feeding system which
is used and the physical state of the material. Theses categories are powder bed, powder feed and
wire feed.
In powder bed systems, powder is raked over the construction area, creating a powder bed.
The energy source delivers energy to the surface of the bed, melting or sintering the powder in
the desired geometry. Afterwards, this process is repeated, raking powder again and melting it,
until the desired three dimensional part is finished. The system is shown in Fig. 2.11. This
feeding system allows the production of parts with high resolution features, and also allows a
great dimensional control [24].
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Figure 2.11: Powder bed feeding system illustration [24].
2.2.4 Powder Bed Fusion
PBF technology started with selective laser sintering and has then evolved into several techniques
which are based on the same working principles, but use different mechanisms to bind powders
and layers. These methods are based on a combination of laser beams and powder beds and include
original selective laser sintering and preferentially used direct metal laser sintering (DMLS). EBM
was created by replacing laser beams with electron beams [25].
Although the principles of these two processes are quite similar, the processing steps differ.
Basic illustrations of SLM and EBM setups are shown in Fig. 2.12. In SLM, laser is reflected
by mirrors onto the platform surface. Mirrors are controlled to position the laser beam on the
designed paths. The building chamber’s atmosphere is inert, by using argon, mostly in order to
avoid oxidization of metallic powders at high temperatures.
EBM has been developed from scanning electron microscope technology (SEM). A much
higher-power electron beam is used to selectively melt the powder. This process has to occur in
vacuum conditions. The electron beam source is positioned on top of the powder bed, and its
movement is directly controlled by lens. A powder hopper pours fresh powder onto the side of the
platform, and then, a layer of powder is coated by a rake on top of the previously melted layer.
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Figure 2.12: Schematics of a) SLM equipment and b) electron beam melting equipment [26].
2.2.5 Process Parameters
In SLM processes, process parameters play a major role. They have a big influence on the quality
of produced parts including porosity, dimensional tolerance and to surface quality, so they need
to be well defined in order to achieve parts with good quality. A schematic of some of the main
process parameters is shown in Fig. 2.13.
Figure 2.13: Shematic of major process parameters [27].
Layer Thickness
Layer thickness, defined as deposition height during production, can be defined by the manufac-
turer, and is related with the powder size, its bulk density and flow rate [28]. The rake velocity
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and atmosphere of the chamber also have influence on this parameter. Typical values for the layer
thickness are between 30 µm and 60 µm [28, 29]. Sufiiarov et al. [30] studied the influence of the
layer thickness on mechanical properties and concluded that samples with a 30 µm layer thickness
presend higher strength and lower elongation at break than samples with a 50 µm layer thickness
as it can be seen in Fig. 2.2.
Table 2.2: Influence of layer thickness and building direction on the mechanical properties of
Inconel 718 alloy samples produced by SLM: adapted from [30].
Layer
Thickness [µm]
Sample
Yield
Strength [MPa]
Ultimate [MPa]
Strength
Relative
elongation [%]
50
Horizontal 646 1049 27.2
Vertical 609 949 31.7
30
Horizontal 807 1051 21.9
Vertical 675 957 27.7
Powders
The quality of the powder used in SLM plays a big role on the quality of the produced parts.
The morphology and geometry of metal powders should be understood and controlled due to
its influence in the quality of the parts. Powders which present satellites, small aglutinations of
particles in their surfaces, have a worse flow than spherical powders.
Since metal powders are very expensive and not all the powder used during production is
actually melted into the final part, it is common to reutilize part of this powder. This needs to be
done carefully, by mixing "virgin" powder with the used one, as reutilized powder presents even
bigger satellites due to the melting and re-melting. This can lead to an irregular and fractured
surface of the powders [31]. Additionally, powders may contain voids to their production method,
which can lead to defects during melting, due to the trapping of gas [28].
In SLM, there should be preferably a mix of smaller and larger particles, since they bond better
leaving less voids, allowing higher densities. The size of the particles may go from 5 to 90 µm but
the more common values are between 15 to 45 µm [32, 33].
Hatch Spacing
Hatch spacing is the distance between laser’s successive scans. When this distance is big, i.e.
the hatch spacing is poor, problems of porosity arise in produced parts, as melting lines do not
fuse together, leaving voids. This parameter must be well defined according to the other process
parameters, as it is necessary to ensure that melting lines are correctly bonded.
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Scanning Speed
Scanning speed is defined as the speed of the laser movement throughout the powder bed. Ac-
cording to the different manufacturing technologies, it can go from 150 mm/min to 15m/s. The
scanning speed is one of the major parameters of AM processes and with major influence on the
quality of produced parts. Higher speeds lead to a high production rate but can also lead to the
appearance of defects such as lack of fusion or excessive heat transfer [27, 34, 35]. Santos et al.
[14] concluded that very high scanning speeds (400 or 600 mm/s) cause the appearance of high
percentages of porosity and reduce drastically the tensile strength and stiffness of parts.
Scanning Strategy
Scanning Strategy defines the paths taken by the heat source during AM processes. Several differ-
ent scanning strategies are shown in Fig. 2.14. The scanning strategy affects the thermal history
during SLM process and, by doing so, it modifies some material properties such as density, thermal
and residual stresses and microstructure [25].
Figure 2.14: Examples of scanning strategies: (A) unidirectional; (B) bidirectional; (C to F) bidi-
rectional with change of angles; (G) chessboard scanning strategy [36].
Laser Power
In SLM technologies, laser power may vary between 20 W and 1 kW. This parameter should be
adjusted to each need, and can even be changed for different areas of the same part. This parameter
needs to be well adjusted and conciliated with scanning speed as problems such as incomplete
melting may occur, when using insufficient laser power, and very high thermal gradients may
occur when using excessive power [27, 34]].
2.2.6 Types of Defects
The final properties of laser-processed materials are affected by the laser-material interaction.
These quality issues, such as balling, porosity, cracks and residual stress are originated in this
stage [25]. The main defects and quality issues will be reviewed in this section.
Porosity
Porosity is a common defect in parts produced by SLM due to the fact that the powder consolida-
tion process is driven by temperature changes, gravity and capillary forces, without the application
22
Additive Manufacturing
of any external pressure [25]. This defect needs to be minimized or eliminated due to their adverse
effects on mechanical properties [35]. Although porosity is considered a defect, sometimes it is
beneficial in some applications in the biomedical field, such as implants, where porosity allows
biological tissues to grow through the pores.
Porosity can arise as large irregular pores due to a lack of melting, as spherical pores caused
by trapped gas or shrinkage micropores due to a lack of feeding within interdentritic zones [25].
Adjusting laser processing parameters can improve the density to above 99%.
Lack of fusion (LOF) porosity occurs due to a poor choice of processing parameters such as
hatch spacing and scan speed [25]. It is also influenced by laser power, laser spot radius and layers
thickness [37]. When there is insufficient energy in the melt pool, LOF porosity occurs as a result
of the inability of melting the powder particles. LOF defects are usually irregularly shaped, and
can be found along boundaries between layers, containing often unmelted powder as shown in
Fig. 2.15. Increasing the scanning speed decreases the specific energy, increasing the risk of LOF
defects. It increases as the powder feed rate increases [38].
Figure 2.15: Optical micrographs of LOF defects: (a) along the layer boundary (b) LOF defect
with un-melted powder particle [39].
When some AM processes are operated at very high power density, deposition or melting may
occur in keyhole mode. If a cautious control of keyhole mode melting is not taken, keyholes may
become unstable, and repeatedly form and collapse, leaving voids inside the deposit which consist
of entrapped vapor. Hence, these porosities are almost spherical, as it can be seen in Fig. 2.16. Size
of keyhole porosity can vary according to the shape and size of the key hole. Secondly, gas can
get trapped inside the powder particles during the powder atomization process. These entrapped
gases result in microscopic spherical gas pores. Additionally, gas pores can also appear due to the
entrapment of shielding gas or alloy vapors[35].
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Figure 2.16: Optical micrographs of (a) gas atomized powders showing pores within the powders
and (b) cross-section of a laser deposit showing high level of gas porosity [40].
When there is not enough energy in the melt pool, the resulting inability to melt the powder
particles can cause lack of fusion porosity in AM parts [38].
An inert shielding gas such as argon is often used in Laser AM methods to prevent contami-
nation of the molten pool or hot solidified metal. A problem arises with this fact: as inert gases
are insoluble in liquid metals, any pores created will remain in the solidified pool unless they can
escape by floating out of the molten pool. Using non-inert gas such as nitrogen has been shown
to reduce porosity, but it can’t be used on all metals as it has some adverse reactivity. These big
macro-pores are larger than the gas pores and have sharp edges. This way, porosity depends of the
process parameters (LOF porosity) and of the powder quality (gas porosity).
Cracking and Delamination
High temperature gradients between the melt pool and the surrounding solids originate cracks
[25]. These cracks could lead to failure under cyclic action, since these defects promote the high
stress concentration.
In AM components, three types of cracks can appear [35]. The first one is a solidification
cracking which happens along the grain boundaries of the build . This happens because the solid-
ifying deposit contracts due to thermal contraction and solidification shrinkage. A tensile stress
appears on the solidifying layer due to the thermal contraction of the layers. If this stress is higher
than the strength of the solidfying material, cracking along the grain boundaries arises [41].
The second type of crack is named liquation cracking and occurs on the partially melted zone
(PMZ) [35, 41, 42]. During cooling, PMZ suffers a tensile force due to the shrinkage and ther-
mal contraction of the deposit. Under this force, the liquid films around the grain boundaries or
carbides can act as cracking spots. Alloys which present a large difference between liquidus and
solidus temperature, such as nickel base superalloys, like the 18Ni300 maraging steel, are very
susceptible to liquation cracking [35] . It is possible to see very long cracks in AM components,
such as the ones showed in Fig. 2.17 a), but they can also be very small with a length similar
to the layer thickness as shown in Fig. 2.17 b). Delamination, shown in Fig. 2.17 c), is the last
type of cracking. This phenomenon consists into the separation of two consecutive layers, which
24
Additive Manufacturing
is caused by the residual stresses at the layer interfaces which exceed the strength of the material
[35, 43].
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Figure 2.17: Cracking: (a) Long crack; (b) short crack; (c) delamination [35].
Balling
The balling phenomenon represents a type of defect which is generated in laser sintering-based
AM processes. The primary cause of balling has been identified as a sub-critical energy density
which resulted in insufficient material being present in the liquid phase to promote sintering. Ad-
ditionally, balling phenomenon at higher scanning speeds has been attributed to instabilities in the
molten pool due to a capillary effect as shown in Fig.2.18. In the presence of oxygen in the powder
or in the building chamber, the formation of oxide layers on both the solid and molten material
changes the wetting process of surrounding material and causes balling. These factors affect the
viscosity of the semi-molten phase, limit the liquid flow and melt pool morphology, leading to
balling occurring on the sintering surface[35, 44].
Figure 2.18: Balling effect [45].
Balling obstructs the formation of continuous melt lines, forming rough and bead-shaped sur-
faces. In more severe cases, balling may aggravate in subsequent layers jam the powder coating
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mechanism with large metallic beads that extend the powder bed, as it can be seen in Fig.2.19. In
order to contradict this phenomenon, one can increase the laser power, reduce the scan speed and
decrease the layer thickness in order to achieve higher energy density or applying the re-scanning
of the laser [44].
Figure 2.19: Aggravation of balling that jams powder coating mechanism in SLM [46].
Resuming, low laser power gives rise to the first type of balling, where highly coarsened balls
appear, possessing an interrupted dendritic structure in the surface layer of balls. The schematic
of this type of balling is shown in Fig. 2.20. The second type of balling, characterized by a large
amount of micrometer-scaled balls (around 10 µm) occurs at high scan speed [47].
27
Theoretical Review
Figure 2.20: Schematic of first kind of balling phenomenon [47].
The influence of the laser power can be seen in Fig. 2.21. At a laser power of 350 W, there
are coarsened metallic balls with an average diameter of approximately 350 µm. More seriously,
there is no efficient inter-ball bonding (Fig. 2.21 a)). Increasing laser power to 400 W, sintering
necks were formed between the neighboring spherical-shaped sintered agglomerates, leading to a
stronger inter-agglomerate bonding (Fig .2.21 b)).
Figure 2.21: SEM images showing typical microstructures of laser sintered tracks at different laser
powers: (a) P = 350 W; (b) P = 400 W [47].
The influence of scan speed on typical morphologies of laser sintered tracks is presented in
Fig. 2.22. At a lower scan speed of 0.05 m/s, there is a continuous sintered track formed via
the sufficient junction of inter-agglomerate sintering necks, showing no apparent balling effect
(Fig. 2.22 a) . With a scan speed of 0.07 m/s, the surface of laser sintered track is considerably
rough, although the sintered track retained uninterrupted (Fig. 2.22 b)). A high-magnification
SEM image showed that a large amount of small-sized spherical balls with an average diameter of
approximately 10 µm were present around the sintered track (Fig. 2.22 c)). At an even higher scan
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speed of 0.10 m/s, the similar micrometer-scaled metallic balls are visible on the surface of laser
sintered track (Fig. 2.22 d)) and e)). Also, narrow and deep longitudinal cracks, as selectively
indicated in Fig. 2.22 f)), appear in laser sintered track.
Figure 2.22: SEM characterization of laser sintered tracks at different scan speeds: (a) v = 0.05
m/s; (b) v = 0.07 m/s; (d) v = 0.10 m/s; (c) local magnification of (b); (e) and (f) are local
magnifications of (d) [47].
Residual Stresses
Residual Stresses are caused by excessive thermal gradients, high energy density and fast so-
lidification during AM processes [44]. Residual Stresses can lead to part distortion, increasing
of geometric distortions and delamination of layers during deposition. Fatigue performance and
fracture resistance are heavily affected as well. These stresses are spatially non-uniform and vary
with time during construction. Key factors which lead to AM residual stress are:
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• temperature gradient due to localized heating and cooling by a moving heat source;
• thermal expansion and contraction of material due to such heating and cooling;
• uneven distribution of inelastic strains.
Therefore, it is desirable to decrease tensile residual stresses at critical locations during manufac-
turing by using appropriate process parameters, including build orientation and scan strategies.
Applying proper post heat treatment is also known to promote stress relief. When parts have over-
hangs, usage of support structures is also benefitial, in order to dissipate heat more efficiently If
significant residual stresses remain, they need to be accounted in fatigue analysis of the fabricated
parts [44]. Compressive residual stresses in the surface area are advantageous, as they increase
loading resistance and prevent crack growth at the surface [48]. Generally, compressive residual
stresses generated by the surface treatment have a positive effect on fatigue strength of components
due to a reduction of the mean stress [49].
In Metal Additive Manufactured parts, the cooling and shrinkage of the newly molten layer
and the strain-induced stresses in the solid layers on the substrate underneath the new layer impose
tensile stresses on the newly deposited layer and creates compressive stresses at the bottom [25, 50,
51]. Inducing heat with the energy beam causes a compression of the areas surrounding the melt
pool. As the solidification begins, there is a thermal contraction, countered by the neighbour areas.
This restriction causes permanent stresses and strains as it does not allow the material’s recovery.
This justifies the appearance of tensile stresses on the top layers and compressive stresses in the
adjacent ones, shown in Fig. 2.23. These stresses are partially relieved after cutting the part from
the build plate, but it causes distortion on the parts. Residual stresses are usually tensile at the top
and bottom, and compressive in the center of the parts [52].
Figure 2.23: Schematic of the formation of residual stresses during heating and cooling [52].
Surface Roughness
One of the major factors that needs to be considered in the assessment of the fatigue behaviour of
AM parts is the surface roughness of the fabricated parts. It results from a number of independent
input parameters resulting in multiple output conditions which can affect the performance of the
parts, playing a major role in fatigue behaviour. These parameters are related to part design,
material feedstock, process selection, post processing and finishing.
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The rough surface and the presence of micro cracks on the surface are potential points for
crack initiation, leading to early fracture under cyclic loading. Hence, as the use of MAM parts
in aerospace, aeronautics and automotive industry is growing, where parts are submitted to cyclic
loadings, it is required to analyze and to improve the fatigue behaviour of these parts, the influence
of surface roughness, and how its limitations can be solved.
One of the major benefits of AM is the ability to produce complex geometries. Although, post-
machining of these complex geometries for improved surface finish would be difficult, expensive,
and sometimes impossible. Additionally, some AM components might be used in the as-built
surface condition.
Surface roughness is one of the most important features of AM components. It is measured
using a profilometer or analyzing the surface morphology using microscopy (eg: SEM, Light white
interferometry). Average surface roughness Ra can be calculated by :
Ra =
1
L
∫ L
0
(y− y¯)dl ≈ 1
N
N
∑
i=1
| fn| (2.26)
where L is the evaluation length, (y− y¯) is the profile height function, fn is the measured height
and N the number of locations where it was measured [53].
Extending the definition of surface roughness to a two-dimensional surface profile of area A,
measuring in this case N×M deviations fi j the roughness is approximated as:
Ra ≈ 1NM
N
∑
i=1
M
∑
j=1
| fi j| (2.27)
Another important surface roughness parameter is the mean roughness height, Rz, which cor-
responds to an arithmetic mean value of the single roughness heights of consecutive sampling
lengths. It indicates the average value of the absolute values of the heights of the 5 highest profile
peaks and the depths of the 5 deepest valleys within the evaluation length.
The maximum profile peak height, Rp, is the distance between the highest point of the profile
and the mean line within the evaluation length, while the maximum profile valley depth, Rv, is the
distance between the deepest valley of the profile and the mean line [54]. These parameters are
illustrated in Fig. 2.24.
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Figure 2.24: Schematic of roughness parameters Rz, Rv and Rp [54].
Additively manufactured components for high end applications require an average surface
roughness less than 1 µm. However, produced parts usually present rough surfaces, requiring post
processing such as machining or grinding, chemical polishing or post Hot Isostatic Pressing (HIP)
[55].
In fact, surface roughness is the defect which has a bigger influence in fatigue life of parts.
Li et al. [56] states that in no instance does a part present superior fatigue performance without a
post processing surface treatment. Fig. 2.25 presents several S-N curves for Ti-6Al-4V specimens
with and without post-processing and heat treatments. Black symbols represent no heat treatment
and as-built surface; green symbols represent no heat treatment and machined surface; yellow
symbols represent heat treatment and as-built surface and red symbols represent heat treatment
and machined specimens. It is clear to see that specimens with no post-processing show a reduced
fatigue strength when compared with other material conditions. Nicoletto et al. [57] also studied
the influence of the building orientation in fatigue life. They produced specimens with three
different building orientations, as shown in Fig. 2.26 . Fig. 2.27 shows the fatigue behaviour
of each of the specimens and Fig. 2.28 presents the values of average surface roughness (Ra)
and maximum profile height (Rz) for the different types of specimens. The current dissertation
research will adopt the same specimen geometry as the one used by Nicoletto in order to evaluate
the fatigue behaviour of the 18Ni300 steel.
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Figure 2.25: S-N curves for Ti-6Al-4V specimens with different surface and heat treatment con-
ditions [56].
Figure 2.26: Directional
fabrication and denomination
of fatigue specimens used by
Nicoletto et al. [57].
Figure 2.27: S-N curves for specimens with different building
orientations [57].
Figure 2.28: Surface roughness of the planes under fatigue loading [57].
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2.2.7 Annealing and HIP
As stated in the previous chapters, AM parts have defects which are critical as regards failure
behaviour. In addition, residual stresses are commonly present from the manufacturing process on
3D printed parts, because of the high solidification rates in SLM. All of this alongside the resultant
microstructure may lead to a significant brittle behaviour of fabricated parts. In order to improve
ductility of parts and to eliminate or decrease the residual stresses, post fabrication stress relieving
or heat treatment processes can be applied.
Hot Isostatic Pressing (HIP) can improve the ductility, relief the residual stresses and reduce
the notch sensitivity of the defects [58]. HIP consists in the simultaneous application of high
temperature and pressure to metals for a specified amount of time. Parts are heated in an inert at-
mosphere, which applies isostatic pressure uniformly in all directions. This causes the collapse of
voids under the differential pressure. Diffusion though voids surface facilitates their bonding to ef-
fectively eliminate the defects, improving the density of the parts, while improving the mechanical
properties as well [59].
2.2.8 Impact of fatigue in Additive Manufacturing
One of the main problems in current studies is the large scatter associated with materials’ fatigue
resistance, specially in the high cycle fatigue region. Nowadays, there is no definition of a solid
and reliable method for structural parts qualification, as the influence of the process variables
is still not fully understood. Space and aerospace companies find this a major problem as it is
required to perform extensive testing, frequently in full-scale parts. A big part of the data scatter
is associated to defects, but it can also be caused by microstructure, features or residual stresses,
as it was mentioned previously. This way, predicting the fatigue resistance of parts produced by
metal additive manufacturing is a very frequent issue. The qualification of MAM structural parts
requires very expensive and time consuming fatigue tests. Hence, it is important to have a proper
control of the AM process in order to obtain comparable fatigue resistances [60].
2.3 Maraging Steels
Maraging steels are a class of ultra-high strength steels, different from other steels as they are
not hardened by carbon. In fact, in these steels, carbon is considered as an impurity and is un-
desirable and is kept at the minimum amount as possible. The hardening of these steels is due to
the precipitation of intermetallic compounds, instead of the carbide precipitation. Maraging steels
contain high levels of nickel, cobalt and molybdenum. There are several grades of maraging steels
optimised in order to provide specific mechanical properties. The chemical composition of some
of the most common grades are shown in Table 2.3 and their mechanical properties presented in
Table 2.4.
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Table 2.3: Nominal compositions (wt%) and respective yield strength of commercial maraging
steels in age hardened state [61].
Alloy Designation Ni Mo Co Ti Al Yield Strength (MPa)
18Ni200 18 3.3 8.5 0.2 0.1 1400
18Ni250 18 5.0 8.5 0.4 0.1 1700
18Ni300 18 5.0 9.0 9.7 0.1 2000
18Ni350 18 4.2 12.5 1.6 0.1 2400
18Ni (cast) 17 4.6 10.0 0.3 0.1 1650
Table 2.4: Properties of 18Ni maraging steels in age hardened state [61].
Alloy Aging temp. (ºC) YS (MPa) UTS (MPa) Frac. tough. (MPa
√
m) Charpy (J)
18Ni200 480 1316 1380 140 60
18Ni250 480 1635 1690 100 35
18Ni300 480 1835 1910 70 25
18Ni350 480 2427 2468 40 16
18Ni400 525 2530 2569 55 -
The term "maraging" comes from the ageing of martensite, a hard microstructure usually
present in steels. In maraging steels, there is martensite due to the high percentage of nickel in
their composition. At normal cooling rates, the formation of martensite is the only transformation
that occurs.
Maraging steels are expensive materials comparing with other alloys, due to the presence of a
large number of alloying elements.
2.3.1 Hardening and Strengthening
Decker and Floreen observed that by heat treatment of ageing of maraging steels for several
hours at approximately 500 ºC, these materials increase hardness and strength. In fact, the initial
strengthening mechanism of maraging steels is the transformation of austenite into martensite. By
performing air cooling austenite, which has a face centered cubic crystalline structure, from about
800 ºC to room temperature, it is possible to obtain a soft iron nickel cubic martensite, containing
alloying elements, such as nickel, molybdenum, titanium, cobalt and aluminium in supersaturated
solid solution.
In these transformations the local composition of the steel does not change, but only the crys-
talline structure. The martensitic transformation starts at a martensite start temperature (Ms) and
stops when reaching the martensite finish temperature (M f ). Plate and lath morphologies are most
commonly found in these martensites.
Maraging steels are usually supplied after a solution annealing treatment. This treatment con-
sists in a short time-high temperature heat treatment, in order to provide maraging steels without
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the presence of precipitates. This treatment is usually done at a temperature between 820ºC and
850ºC for 1 hour followed by energetic cooling [62]. In order to obtain high strength and hardness
which characterize these steels, it is necessary to perform a age hardening. These good mechanical
properties only appear when the martensitic structure is aged. When performing this age harden-
ing, a precipitation of second phase particles occurs. So, ageing is done at a temperature between
480ºC and 510ºC for the majority of the maraging steels, resulting in the coherent precipitation of
a high number of intermetallic phases [63–65].
Wang et al. [66] studied the optimization of the fatigue strength of the 18Ni maraging steel
through ageing treatment. Several ageing treatments at different temperatures and different stages
were made and the obtained optical microstructures can be seen in Fig.2.29. It is possible to
observe that the microstructure consists mostly of martensite. Austenite is also present in the mi-
crostructures. In Fig. 2.30 it is possible to see that there are 2 phases present in the microstructure:
martensite and austenite. Austenite is present due to the uncompleted transformation of austenite
into martensite during quenching, named retained austenite, or from the phenomenon of reversion
of martensite into austenite during aging treatment, named reverted austenite. The volume frac-
tions of austenite for the specimens aged at 500 ºC, 550 ºC for 5 hours and 600 ºC and 630 ºC for
3 hours are approximately 5%, 5%, 9% and 11 % respectively.
An increase in the ageing temperature increases the amount of austenite, and the formation of
reverted austenite occurs at higher temperatures [66–68].
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Figure 2.29: Optical micrographs of maraging steel under different ageing treatments: (a) aged at
500ºC for 5h; (b) aged at 550ºC for 5h; (c) aged at 600ºC for 3h; (d) aged at 630ºC for 3h [66].
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Figure 2.30: XRD patterns of the specimens under different ageing treatments referred in Fig.
2.29 [66].
Strengthening of the 18Ni maraging steels comes from the presence of Ni3Ti, Ni3Mo and
Fe2Mo or Fe7Mo6 precipitates [61, 63, 69]. Cobalt also plays an important role in the high strength
of cobalt-containing maraging steels, although it is not contained in strengthening precipitates.
Floreen [70] stated that the hardening through ageing could be achieved in Fe-Ni-X alloys when
X could be Al, Be, Nb, Mn, Mo, Si, Ta, Ti or W. Additionally, Fe-Ni-Co did not harden through
ageing when the cobalt level is less than 4.5 % and the hardening when levels were as high as 15
% was not very significant. In fact, several alloying elements can be added to Fe-Ni-Co steels can
result in age hardening. Nonetheless, Floreen and Speich [63, 70] found that the toughness of the
Fe-Ni-Co-Mo alloys were higher than the toughness of alloys where other alloying elements were
added .
High-cycle fatigue (HCF) and very high cycle fatigue (VHCF) properties of ultrahigh strength
maraging steels are of great interest regarding the service conditions of maraging steels. In 18Ni
maraging steels, cobalt, aluminum and titanium have significant influence on HCF and VHCF
fatigue properties. If the amount of cobalt increases, these properties are improved, while the
presence of titanium is prejudicial, as it acts as crack nucleation sites. If there is no presence of Ti,
Al2O3 nucleates cracks affecting the HCF and VHCF properties and the fracture toughness of the
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maraging steels [63, 71]. S-N curves for maraging steel TM210A in the high-cycle fatigue area
are presented in Fig. 2.31 and Fig. 2.32. In these tests, performed by Yin et al. [72], the stopping
criterion was defined as 107 cycles. As it can be seen, this maraging steel presents a good fatigue
limit.
Figure 2.31: The S–N curve for the smooth specimens of TM210A steel [72].
Figure 2.32: The S–N curve the notched specimens of TM210A steel [72].
On Fig. 2.31, where Kt = 1, the fatigue limit stress is approximately 615 MPa, while on
Fig. 2.32 the fatigue limit stress is approximately 360 MPa. Fatigue strength reduction factor K f
for the notched specimen, obtained by the quotient between the values of fatigue limit stress is
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Figure 2.33: S-N curves for 18Ni maraging steels [73].
approximately 1.7, very close to stress concentration factor, Kt , which is 2 in this situation. This
indicates that this steel presents a very high notch sensitivity, q, which is typical in ultra-high
strength steels, such as the maraging steels.
For the 18Ni maraging steels, Fig. 2.33 presents S-N curves for 18Ni200, 18Ni250 and
18Ni300 maraging steels for both smooth and notched specimens. In this case, the K f is also
around 1.7, for a Kt of 2.2 confirming the high notch sensibility of these steels.
2.3.2 Maraging Steels in AM
Presenting a good ductility and weldability, with their high mechanical properties, maraging steels
are very attractive alloys for additive manufacturing processes, such as selective laser melting [5].
The good weldability of these steels is justified by the lack of interstitial alloying elements [74, 75].
The SLM process can be compared to a micro-welding, as it generates a small amount of molten
material induced by the laser.
The geometrical freedom of AM turned metal AM processes very useful in the production of
tool inserts for plastic injection molds. This freedom allows a strategical positioning of the cooling
channels, very much closer to the tool surface, avoiding hot spots and granting a more efficient
cooling of the injected polymer.
Nowadays, the 18Ni300 steel is the most used maraging steel is additive manufacturing. Some
slight variations of these steels, such as the Bohler V720, can also be found [76].
During the SLM process, the successive heating and cooling of the powders, and the high
thermal gradients lead to the appearance of residual stresses. These residual stresses can lead to
part failure due to distortions, delaminations or cracking [77]. In order to solve this issue, it is
common to do a solution annealing,which aliviates these stresses.
Besides the tooling industry, maraging steels are being used more and more in aeronautical and
aerospace applications. These industries believe that the use of these ultra high strength materials
is still benefitial, as topological optimizations leads to lighter functional parts. This way, the main
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goal is to obtain parts produced by AM which possess the same mechanical properties as the ones
produced by conventional manufacturing, and performing the same way [78, 79].
As these parts are used in critical and demanding applications, their fatigue behaviour must
be well understood in order to estimate the fatigue life considering the influence of several AM
parameters on the integrity of the component. This way, a lot of studies are being done about this
field, not only about maraging steels, but also about other high-performance alloys used in AM,
such as Inconel 718 and Ti6Al4V.
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Experimental Details
3.1 Context of the Problem
The production of functional parts by Metal Additive Manufacturing is growing exponentially.
These parts are used in fields such as aeronautics, aerospacial, motorsports, biomedical and mold
industry. Hence, it is important to characterise the fatigue behaviour of the materials used to obtain
parts by additive manufacturing processes.
To do so, in this project, four point bending tests will be performed in order to investigate the
fatigue behaviour of the maraging steel 18Ni300 or DIN 1.2709. These tests will be run in a plane
bending fatigue test machine under displacement control.
In order to evaluate the reliability of 18Ni300 parts produced by AM, fatigue tests will also be
done with a conventionally manufactured material, the maraging steel DIN 1.6354 which is very
similar to the 18Ni300, with specimens with the same dimensions as the ones produced by AM.
It is not economically viable to create specimens for fatigue characterisation of steels produced
by additive manufacturing with the same standard dimensions as the ones produced by conven-
tional manufacturing, since the production of these specimens would be inconceivable in terms of
costs and time of production [8]. This way, several fatigue tests are being made using miniature
specimens, in order to save time and reduce costs.
3.2 Machine used for Fatigue Tests
The machine used in this project to run the fatigue tests is located in the Department of Mechanical
Engineering, in LET (Laboratório de Ensaios Tecnológicos) at FEUP (Faculdade de Engenharia
da Universidade do Porto). This machine, shown in Fig. 3.1 is an electromechanical three point
bending machine, with a three-phase electric motor with a rotational speed of 1385 rpm, which
translates into a test frequency of approximately 23.08 Hz. This machine runs test in displacement
control, and the displacement range is defined by an eccentric which regulation is done manually.
This machine possesses two load cells rated for 30 kN, one in each of the supports. Its signals
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are registered periodically by a data acquisition system, Spyder 8, equiped with an acquisition
software, Catman.
Figure 3.1: Three point bending machine available at LET.
In order to test miniature specimens, such as the ones proposed by Nicoletto [8], the machine
needs to be adapted. Before this adaptation, the distance between the two supports is adjustable,
but no less than 184 mm. This way, it is required to create a setup which would allow the test of
these miniature specimens, which biggest dimension is 22 mm (see section 3.3).
The machine is set to perform 3 point bending fatigue but, in order to obtain more precise
results and to ensure that the stress concentration during bending occurs on the notch area, and
because the set grippers-specimen is not homogeneous, since they are made of different steels
and they have different widths and stiffnesses, a 4-point bending testing setup was designed and
produced. To do so, the actuator which applies displacement on the specimen needs to be changed
by one that contacts the specimen in two points, equidistant to the central section.
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3.3 Specimens
The specimens used for testing were first presented by Nicoletto [8]. The specimen’s geometry and
dimensions are presented in Fig. 3.3. The complete technical drawing is presented in Appendix
A. Fig. 3.2 gives a size perception of the specimen.
Figure 3.2: Miniature specimen proposed by Nicoletto (7×5×22mm3) [8].
Figure 3.3: Miniature specimen technical drawing.
This specimen has a semi-cylindrical notch in the middle, in order to allow a stress concen-
tration in that area, ensuring fatigue crack location at notch root. The specimen design shares the
nominal cross-sectional area 5× 5 mm2 with the specimen geometry of a Schenk-Erlinger type
machine, presenting a sectional modulus W = 20.8 mm3. This sectional modulus is very similar to
the common 6 mm diameter rotating bending geometry (W = 21 mm3) [8]. Material saving of the
miniature specimen becomes clear in comparison with a standard geometry specimen as shown in
Fig. 3.4.
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Figure 3.4: Standard specimen VS miniature specimen [8].
3.4 Gripping Mechanism
Using the 3D modelling software SolidWorks a gripping mechanism which would allow fixing and
testing these specimens was created as presented in Figs.3.5 and 3.6. In Fig.3.5, number 1 repre-
sents the supports, which are set on top of the load cells, so the reaction forces are measured by
these devices. Number 2 represents the specimen’s holder, which is bolted to component number
3, the specimen’s gripper, which fixes the specimen. Number 4 is the displacement actuator.
Figure 3.5: Set grippers-specimen-displacement actuator.
46
Gripping Mechanism
Figure 3.6: Front view of set grippers-specimen-displacement actuator[mm].
Note that the specimen’s top surface is slightly above (1mm) the top surface of its support,
ensuring interference between the grippers and the specimens and clamping by screwing the top
gripper as shown in Fig. 3.7.
Figure 3.7: Specimen and its supports.
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The top part only contacts the bottom one when screwed, as it should first be placed over the
specimen ensuring the clamping of the specimen as illustrated in Fig. 3.8.
Figure 3.8: Zoom showing the existing gap between top and bottom gripping components.2: spec-
imen’s holder; 3: Gripper; 4: Displacement actuator; 5: Specimen.
Besides fixing the miniature specimen, the goal is to run 4-point bending tests. To do so, the
displacement actuator was changed. Four-point bending was adopted, as the set grippers-specimen
is made of different materials, of different widths, resembling a sandwich structure. This way, the
bending moment between displacement application points A1 and A2 is constant, as illustrated in
Fig.3.9, assuring that stress concentration will occur on the notch area.
Figure 3.9: Moment diagram illustration for a 4-point loaded beam.
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Figure 3.10: Displacement actuator and its fixturing.
The new displacement actuator was designed with the geometry shown in Fig. 3.10, assuring
that displacement is applied in two symmetric points. This displacement actuator fits in its support
by using a pin, which allows small corrections of the contact points, ensuring that the load is
equally distributed by both points.The displacement actuator’s support has a threaded hole (M10)
and is bolted to the machine.
Fig. 3.11 shows the machine with the new gripping mechanism and the new displacement
actuator, adapted for the tests of the current work.
Figure 3.11: Fatigue testing machine adapted for 4 point bending of miniature specimens.
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3.5 Material Description
As mentioned in Chapter 3.1 both conventional and additive manufactured specimens are tested.
This way, it is necessary to evaluate the conditions of both materials.
3.5.1 Conventionally Manufactured Material
The conventionally manufactured material (CM), supplied by Boehler, is the Boehler W720, with
the reference 1.6354 which is know to be very similar to the 1.2709 steel used to produce the AM
specimens. It was produced through Vacuum Arc Remelting and supplied in the form of a bar.
From this bar, a section has been cut with a width of 13 mm resulting on the plate presented in
Fig. 3.12.
Figure 3.12: Conventional 1.6354 steel plate.
The chemical composition of the conventional steel, presented by Boehler is shown in Table
3.1.
Table 3.1: Chemical Composition of Boehler W720 (average wt%)
Chemical Composition (average %)
C Si Mn Mo Ni Co Ti Al
max.
0.005
max.
0.05
max.
0.10
5.00 18.50 9.00 0.70 0.10
3.5.1.1 Heat Treatment
As the supplied condition of this material was unknown, a solution annealing treatment of 1 hour
at 820ºC, cooled in air was performed to assure the stress releaving and homogenization of the
steel’s microstructure. The suppliers also suggest two possible ageing treatments: 430 ºC or 480
ºC, both for 3 hours followed by cooling in air. Fig. 3.13 shows the influence of ageing temper-
ature in multiple mechanical properties: (1) is the tensile strength in MPa; (2) is yield strength
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in MPa; (3) is the reduction of cross section (%); (4) elongation (%); and (5) the impact strength
energy in J. As it can be seen, ageing temperatures around 500 ºC provide the hardness and tensile
strength, although there is always a compromise between tensile and yield strengths and reduction
of area, impact strength energy and elongation, reason why Boehler suggests two different ageing
treatments. Fig. 3.14 gives the values of these mechanical properties for both ageing treatments
and for solution annealed parts.
Figure 3.13: Influence of ageing temperature in several mechanical properties [62].
12 specimens were prepared (machined) in the supplied condition (CM specimens) (Fig. 3.15),
and other 12 where machined and treated with a solution annealing and an ageing treatment (CMT
specimens) presented in Fig. 3.16. The solution annealing treatment was done at 840 ºC for 1 hour
and 15 minutes and the ageing was done at 485 ºC for 3 hours and 15 minutes. Both treatments
were performed in a controlled argon atmosphere to prevent oxidation and the cooling was done
in water for both treatments.
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Figure 3.14: Mechanical properties for different thermal treatments [62].
Figure 3.15: Specimens in supplied condition (CM steel).
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Figure 3.16: Specimens after heat treatment (CM steel).
In these specimens, the notch area was polished with sand paper of grit size of 22 µm to
remove the oxidation which arised on the surface due to the water cooling, as presented in Fig.
3.17.
Figure 3.17: Polished notch area of CM steel after heat treatment.
3.5.2 AM Material
The AM material includes two different types of specimens, both produced in the same construc-
tion plate. The first batch of specimens includes 12 specimens where the notch was produced
during the SLM process (B batch in Fig.3.18). The second batch includes 12 other specimens
where the notch was not produced during SLM (A batch in Fig.3.18). In this case, the notches
were machined after removing the specimens from the construction plate. In both cases, the spec-
imens were over-dimensioned (26×9×11mm3) allowing the removal from the plate with a band
saw, as shown in Fig. 3.19 and to allow post-processing in order to obtain the specimens with the
desired dimensions. The construction plate, shown in Fig. 3.20, includes specimens for several
mechanical tests for other undergoing projects within UTAF/INEGI.
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Figure 3.18: AM produced specimens Figure 3.19: Cutting the specimens from
construction plate.
After being removed from the construction plate, the specimens were machined and grinded
into their final dimensions (22× 7× 5mm3). Fig.3.21 presents specimens after post-processing
and ready for testing.
3.6 Material Characterisation
In order to evaluate the conditions of the material, it is necessary to do its characterisation. This
way, it allows to evaluate the influence of the heat treatments.
3.6.1 Microstructure Analysis
Samples of the material were submitted to a microscopic examination in order to analyse its mi-
crostructure, to verify the conditions of the material after the heat treatments of the CM material
and the existence of any possible defects such as porosity in the AM material.
For the AM material, three different samples were evaluated as shown in Fig. 3.22. The first
two samples are from the same specimen. The first sample (1) corresponds to a cut perpendicular
to the building direction, referred as longitudinal plane. The second sample (2) corresponds to a
cut parallel to the building direction (transversal plane). The third sample (3) is from a different
specimen (cylinder), also from the same building plate, and the evaluated surface results from a
cut perpendicular to the building direction. There is a height difference between the specimens:
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Figure 3.20: Construction plate with different specimens.
Figure 3.21: AM specimens after post-processing: A specimens with machined notch; B speci-
mens with as-built notch.
the specimen used for sample 1 and 2 is higher than the one used for sample 3, which can lead to
differences in terms of porosity and presence of defects between sample 1 and 2 and sample 3.
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Figure 3.22: Samples analysed on microscope.
3.6.2 Etching
Etching is a procedure used to enhance and highlight microstructural features and phases present in
a sample. Performing the examination of unetched surfaces only reveals features such as porosity,
cracks and inclusions. This way, samples were first observed unetched in order to observe these
typical defects of AM produced parts.
Afterwards, AM samples were etched. By doing this, it is possible to observe features such as
laser scanning tracks or melt pool boundaries. This etching was performing by using Oxalic Acid
Dihydrate. The electrolytic etching of a sample is done in an electrolysis cell where DC current is
applied on the samples.
All the optical observations were carried out in INEGI’s metallographic laboratory using a
metallurgical microscope PMG3 manufactured by OLYMPUS, presented in Fig. 3.23.
Figure 3.23: Optical microscope OLYMPUS PMG3.
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3.6.3 Porosity Analysis
Porosity is a very common defect in AM produced parts. The mechanical behaviour of parts is
highly influenced by the level of porosity. Hence, it is relevant to analyse the porosity of the AM
produced parts used in this work. To do so, micro-structural images were analysed using ImageJ,
an image analysis software. In this software, it is possible to measure the area where there is no
material.
3.6.4 Hardness Measurements
Hardness measurements were performed in specimens produced with the CM material in the as-
delivered state, for the heat-treted conventionally manufactured specimens (CMT) and for the
as-built AM material. Specimens were observed in the vacuum remelted state, and in the aged and
solution annealed state. On the first conditions, according to the supplier and the literature, this
material has a hardness around 30 HRC. After ageing, the 18Ni300 should present an hardness be-
tween 50 and 55 HRC. This way, the Rockwell hardness test is the most adequate testing method.
The measurements were made according to the ASTM standards for Rockwell hardness tests [80].
3.6.5 Surface Roughness Measurements
Surface roughness measurements were performed in order to analyse the surface quality of the
different specimens. These measurements were carried out using a Mitutoyo surfest SJ-210 pro-
filometer. As the notch area has reduced dimensions, it is only possible to measure in the transver-
sal direction, as illustrated in Fig. 3.24.
Figure 3.24: Surface roughness measurement’s direction.
From these measurements it was possible to obtain the surface profiles, such as the one pre-
sented in Fig. 3.25, as well as the values of average roughness (Ra), the mean roughness height
(Rz), and the maximum profile valley depth (Rv). Fig. 3.26 shows one of the surface roughness
measurements being performed on the notch of a specimen.
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Figure 3.25: Example of surface profile obtained during surface roughness measurements.
Figure 3.26: Surface roughness measurement.
For the surface roughness analysis using FEM, explained in section 4.1.3, surface roughness
measurements were performed in CETRIB - INEGI’s unit of Tribology, Vibrations and Industrial
Maintenance. These measurements were performed in order to collect information about the sur-
face condition of an 18Ni300 AM produced specimen from a different board. The goal was to
analyse a large spectre of surface profile samples. These measurements were done in two direc-
tions, resulting in the surface profile shown in Fig. 3.27
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Figure 3.27: Surface profile obtained.
3.7 Fatigue Tests
Since the fatigue testing machine is connected to Catman software, in order to monitor the loads
measured by the load cells, it is necessary to define the number of cycles that are read by the
software. In this study the stopping criterion was defined when the number of cycles reached
5×106, this value being considered as infinite life criterion.
This way, the number of samples per reading was defined as 2087 and the number of readings
1200. The sample rate was set to 9600 Hz and the acquisition interval between readings 150
seconds. This means that every 150 seconds, the data acquisition software collects 2087 samples
at a frequency of 9600 Hz. This corresponds to the acquisition of data equivalent to 5 cycles of
the fatigue test, as it can be seen in Fig. 3.30. Note that when the number of cycles begins to reach
the limit of the data acquisition file, it is necessary to change the file for a new one which will then
be merged with the previous one. The tests will be carried out using a load ratio (R) of 0.1, being
necessary to impose a pre-load in every test. This pre-load is imposed, assuring that the specimens
do not move during testing, granting permanent contact between the grippers and the supports.
The acquisition system gives the load measured in each cell over time. The time measured can be
transformed the into number of cycles (N) dividing it by the period as shown in equation (3.1):
N =
t
T
(3.1)
where t is the time and T is the period. Plotting the acquired data results in a plot such as the one
presented in Fig.3.28 . Note that only one of the load cells was plotted. In these plots it is possible
to obtain the maximum force (Fmax), the minimum force (Fmin), the number of cycles before crack
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Figure
3.28:A
cquired
data
plot.
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initiation (Ni) and the number of cycles before failure (N f ). The adopted criterion for Ni was a
load reduction of 10 %. N f corresponds to the number of cycles where load stabilizes after Ni.
Zooming the highlighted area in Fig. 3.29 it is possible to observe the cycling testing, as presented
in Fig. 3.30.
Figure 3.29: Highlighted area of load-cycles plot from the load-time plot.
With Fmax and Fmin, ∆F are directly obtained. The values from both cells were measured
and an average between them was made. In order to obtain points to define the S-N curve, it is
necessary to transform this force vs time plot into stress vs number of cycles. Equation (3.2) gives
a way for the calculation of the nominal stress in a point which distances c from the neutral axis:
σnom =
M× c
I
(3.2)
where M is the moment given by M = F×a where a is the distance between the support and the
load application point, c is the distance to the neutral axis given by c = h/2 and I is the inertial
moment. In this case, for a square cross-section, I is given by:
I =
b4
12
(3.3)
where b is the side of the square. Note that the moment M is constant in the central area, as this is
a four-point bending test. Numerical stresses are obtain through the numerical model which takes
the elastoplastic regime into account.
In order to obtain the S-N curves it is necessary to cover different displacement ranges (∆δ )
in which the tests are going to be performed. In general, the goal is to perform fatigue tests in 4
different displacement ranges, testing 3 specimens in each range.
For the specimens manufacutred in the conventional mateirla in the non-tread condition (CM),
the first test was performed with a displacement range of 0.1 mm as first trial.
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3.30:C
ycling
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variation.
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The following stages and respective specimens are presented in Table 3.2.
Table 3.2: Displacement range and tested specimens for CM specimens.
∆δ [mm] Specimen
0.1 CM1
0.3
CM2
CM3
CM4
CM5
0.35
CM12
CM13
CM14
CM15
0.45
CM9
CM10
CM11
0.6
CM6
CM7
CM8
For the AM specimens with the as-built notch (B), the chosen stages and respective specimens
are presented in Table 3.3.
Table 3.3: Displacement range and tested specimens for B specimens.
∆δ [mm] Specimen
0.17
B6
B7
0.27
B9
B10
B11
0.3
B3
B4
B5
0.4
B1
B2
For the AM specimens with the machined notch during post-processing (A), the chosen stages
and respective specimens are presented in Table 3.4.
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Table 3.4: Displacement range and tested specimens for A specimens.
∆δ [mm] Specimen
0.27
A9
A11
0.3
A4
A5
A6
0.4
A1
A2
A3
3.8 VCCT Analysis
The virtual crack closure technique was used to perform an evaluation of the crack propagation and
to analyse the crack propagation rate and predict the number of cycles of this propagation. To do
so, the crack propagation was simulated using software Abaqus. The crack size was continuously
increased by the value of ∆a and the strain energy release rate for mode I, GI was calculated
for each crack size, using Equation (2.24). As the crack is located in the simmetry plane used,
the displacements uyk and u′yk are symmetric. ∆a is also substituted by ∆A which considers the
thickness of the specimen. Nodal forces, Fyi, and displacements, uyk and u′yk, (see schematic in
Fig. 3.31) were computed using FEM.
G =
Fyi 2uyk
2∆A
(3.4)
where ∆A is given ∆A = ∆a×b and b is the thickness of the specimen.vc
Figure 3.31: Nomenclature for VCCT computation with linear elements.
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Working out Equation (2.21) it is possible to calculate the stress intensity factor K through
equation (3.5):
K =
√
GE (3.5)
As mentioned before, if K <Kth, the crack does not propagate. On the other hand, if K >KIC crack
will propagate in an unstable way. Values of Kth and KIC are available in literature. According
to [14], the values of Kth and KIC for the 18Ni300 steel are approximately 5.2 and 28 MPa
√
m,
respectively. This way, it is possible to evaluate the critical crack sizes plotting the curve K = f (a).
3.9 Fatigue life prediction
In this section, an analytical method of predicting the number of cycles from an initial crack size
ai until a critical crack size ac, (N f ), which is defined as the crack size where K = KIC.
If ai+1 = ai+∆a, rewriting equation 2.18 the number of cycles from ai to ai+1 is given by:
∆N =
∆a
C (∆K)m
(3.6)
The stress intensity factor is obtained numerically in the form of fitted curves, K = f (a), for the
different applied displacements, through the VCCT analysis explained in Section 3.8. Values for ai
can be found in literature [14]. An initial crack length of 20 µm is considered. The increment ∆a
has been defined as 5 µm, and C and m proposed in [14]. Table 3.5 presents the used parameters
and properties.
Table 3.5: Parameters and properties considered in fatigue simulation of AM specimens [14].
Coefficient Value
∆a 5 µm
ai 20 µm
KIC 28 MPa
√
m
∆Kth 5.2 MPa
√
m
m 1×10−6∗
C 1.73 *
* to be used with da/dN in mm/cycle and ∆K in MPa
√
m.
This way, it is possible to predict the number the number of cycles from ai until ac for different
stress ranges, where ac corresponds to the crack length where K = Kth.
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Results and Discussion
This chapter presents all the results of the characterisation of the materials, the FEM simulations
and the fatigue test results. The discussion is also performed.
4.1 FEM Simulations
4.1.1 Local Stress Numerical Analysis
In order to understand the feasibility of the proposed gripping solution for 4-point bending cyclic
test, simulations were done using the finite element method (FEM). These simulations were done
using the software Abaqus. The numerical model was built as a 2D model taking into account the
symmetry conditions of the problem, allowing a shorter computation time. The specimen’s width
is 5 mm and the gripping parts have a width of 40 mm. The support and displacement actuator
were modelled as rigid bodies. Additionally, the screws were not considered and consequently
the pre-load imposed by them. In alternative, the interactions between parts were defined as tie
contacts. The material properties were input in the software assuming elastoplastic behaviour. For
the maraging steel, the Young modulus, E, was defined as 190 GPa, and Poisson’s ratio as 0.3
which allows the definition of the elastic behaviour of the material. Additionally, to reproduce the
cyclic behaviour of the specimens, the plasticity model with kinematic hardening was defined on
the numerical model. The plasticity model is based on second invariant of the stress tensor with
nonlinear kinematic hardening (Chaboche model). The kinematic hardening models the translation
of the yield surface while its size and shape is kept constant [81].
This kinematic hardening is required to model conveniently the Bauschinger effect of the
material. To account for the kinematic hardening, the yield surface is given by:
F = f (σ −α)−σ0 = 0 (4.1)
where α is the backstress tensor that represents the centre of the yield surface in the stress space,
σ0 is a material constant which represents the size of yield surface. In the present work, the plastic-
ity model was defined through the superposition of multiple backstress components, in accordance
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with Lemaitre and Chaboche [82] preposition. The evolution of backstress tensor is then defined
as follows:
dαk =
Ck
σ¯
(σ −α)dε¯p− γkα d ε¯p
α =
N
∑
k=1
αk
(4.2)
where C and γ represent the material constants. In this study the calibration of these constants (see
Table 4.1) was performed taking into account the mechanical properties, including the elongation
at break in a gage length of 4.5 times the square root of the area [83].
Table 4.1: Material parameters used to defined the plasticity model with kinematic hardening
σ0 [MPa] C1 [MPa] γ1 C2 [MPa] γ2 C3 [MPa] γ3
1056 60000 7500 2450 4.6 20 1
The stress-plastic strain curve obtained is illustrated in Fig. 4.1. The material used for the
other parts, namely the gripping system was the PM300 steel. Its Young Modulus is 205 GPa
and the Poisson ratio 0.3. Since these parts are stiffer, only the elastic behaviour was taken into
consideration.
Figure 4.1: Stress-plastic strain curve for 18Ni300 Maraging steel in non-aged condition.
The mesh was performed using four noded linear elements. Some local refinements were done
in interesting areas such as the notch, and the contact areas between the rigid bodies (supports and
displacement actuator) and the gripping parts. Fig. 4.2 presents the created geometry and its
mesh. Component 1 represents the support, where the gripping mechanism is placed. Component
2 is the specimen holder, 3 is the top part of the gripper, 4 is the specimen. In component 5, the
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displacement actuator, it is possible to apply a displacement or a load. The specimen has a width
of 5 mm while all the other components have a width of 40 mm.
Figure 4.2: Modelled geometry and respective mesh.
As mentioned before, the mesh in critical areas was more refined. Figures 4.3, 4.4, 4.5 and 4.6
show the utilized mesh in more detail. The element size for the most refined region is 1 µm.
Figure 4.3: Mesh of the miniature specimen.
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Figure 4.4: Mesh at the notch root.
Figure 4.5: Notch area mesh detail.
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Figure 4.6: Zoom-in of mesh at notch root.
The stress distribution regarding x direction (σxx) when applying a displacement through the
displacement actuator is shown in Fig. 4.7 confirming that stress concentration happens on the
notch root vicinity as expected.
Figure 4.7: Stress distribution around the notch area.
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A linearity analysis was carried out in order to evaluate the viability of considering the linear-
elastic regime. The result is presented in Fig. 4.8. In this simulation, a single displacement is
applied. On the other hand, for the simulations performed to obtain the numerical stresses for
the S-N curve presented in Section 4.3, the maximum displacement is applied, followed by a
displacement of 10% that value and then the procedure is repeated. On those simulations, the
parameters used are displacement ranges, stress ranges and reaction force ranges.
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Figure 4.8: σxx as function of displacement simulated for the test setup using miniature specimens.
Each one of the points on the function presented in Fig. 4.8 represents one simulation with
a different applied displacement. For each simulation, the value of σxx on the notch root was
obtained. This way, σxx can be described as a function of the displacement by the following
equation:
σxx = 4182.10δ +8.44 (4.3)
Furthermore, analysing the stress values and using Equation (3.2) it is possible to obtain the
stress concentration factor Kt . Measuring the reaction forces when applying a displacement, the
nominal stress can be calculated through Equation (3.2) where the force is the applied force on the
system. Table 4.2 gives the values of stresses and reaction forces computed from the numerical
model, the calculated nominal stress and values of Kt for different applied displacements.
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Table 4.2: Stress and reaction forces values for different applied displacements in miniature spec-
imens.
δ [mm] σxx [MPa] σyy [MPa] σxy [MPa] Ry [N] Rx [N] σnom [MPa] Kt
-0.5 2077 559 701 565.5 5.7 1344 1.55
-0.25 1035 281 350 239.9 1.4 665 1.56
-0.1 412 113 140 110.8 0.2 263 1.57
-0.05 206 56 70 55 0.1 131 1.57
4.1.2 VCCT Analysis
In order to perform a VCCT analysis, the crack propagation was modelled. The crack size was
progressively increased and the the reaction forces and displacements were measured as explained
in section 3.8. To do so, the symmetry boundary condition of was progressively deleted. The
increment, ∆a used was 5 µm. An example is presented in Fig. 4.9.
Figure 4.9: Example of Boundary conditions considered for the VCCT analysis.
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For these simulations, the mesh on the notch area was changed. The mesh, presented in Fig.
4.10, is structured and regular and the linear elements have a squared shape with a size length of 1
µm . The notch area is zoomed and presented in Fig. 4.11.
Figure 4.10: Mesh used for crack propagation simulations.
Figure 4.11: Mesh of the notch used for crack propagation simulations.
The reaction force is measured in the crack tip, as illustrated in Fig. 4.12 and the displacement
measured on the node imediatelly below as shown in Fig. 4.13. The displacement in the x direction
of the nodes at the crack tip and on the symmetry plane is zero.
74
FEM Simulations
Figure 4.12: Reaction forces distribution for VCCT analysis.
Figure 4.13: Displacement in x direction distribution for VCCT analysis.
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From the values of the numerical forces and displacements, values of G and K are presented
for each of the crack sizes analysed. One simulation was performed for each crack size and the
crack corresponds to the number of elements which have no restrictions in any degrees of freedom.
The value of ∆a is 0.01 mm and ∆A is 0.05 mm since the thickness of the specimens is 5 mm.
Young modulus, E is 190 GPa. The values were calculated for crack sizes of 10, 20, 40, 80 and
160 µm and then for from 250 to 2750 µm every 250 µm. Firstly, the simulation was performed
in load control. The applied force was 230 N which corresponds to a displacement of 0.2 mm on
the actuator region and all the elements on the symmetry plane are restricted in the x direction (no
crack). Results are shown in Table 4.3 and in Fig. 4.14.
Table 4.3: Obtained results for K in load control simulation (F=230N).
a [µm] Rx [N] ux[µm] G [J/mm2] K[MPa
√
m]
10 52.0 0.11 0.000115 4.68
20 72.3 0.15 0.000224 6.53
40 99.2 0.23 0.000451 9.26
80 133.6 0.32 0.000855 12.75
160 174.9 0.43 0.00151 16.96
250 209.4 0.52 0.00218 20.35
500 259.8 0.68 0.00351 25.82
750 293.6 0.78 0.00457 29.47
1000 324.0 0.87 0.00567 32.82
1250 354.8 0.98 0.00694 36.31
1500 387.7 1.09 0.00848 40.15
1750 423.4 1.23 0.0104 44.48
2000 463.5 1.40 0.0129 49.60
2250 506.8 1.60 0.0162 55.50
2500 554.6 1.86 0.0207 62.67
2750 604.8 2.21 0.0268 71.31
The plot presented in Fig. 4.14 shows the evolution of K as function of the crack size. As it
can be seen, for a crack size of 0.75 mm the value of KI is already higher than KIC suggesting that
critical crack sizes would be low and N f ≈ Ni.
76
FEM Simulations
0
10
20
30
40
50
60
70
80
0 500 1000 1500 2000 2500 3000
K 
[M
Pa
 m
0.
5 ]
Crack size [μm]
Figure 4.14: Relation between crack size and stress intensity factor for load controlled simulation.
Since the experimental fatigue tests were performed under displacement control, it is relevant
to run these simulations in the same conditions, in order to obtain comparable values. This way,
the crack propagation simulations were performed for different applied displacements. The chosen
displacements were 0.2, 0.3, 0.35 and 0.4 mm. Table 4.4 presents the values of K for the simulation
performed with a displacement of 0.2 mm.
Table 4.4: Values of K for simulation with applied displacement of 0.2 mm.
a [µm] Rx [N] ux[µm] G [J/mm2] K[MPa
√
m]
10 28.8 0.13 0.0000731 3.73
20 40.5 0.17 0.0001384 5.13
40 56.4 0.23 0.0002628 7.07
80 77.0 0.31 0.0004816 9.57
160 100.5 0.41 0.0008205 12.49
250 133.2 0.43 0.0011365 14.69
500 179.2 0.40 0.0014500 16.60
750 185.7 0.42 0.0015596 17.21
1000 185.5 0.42 0.0015558 17.19
1250 182.1 0.41 0.0014985 16.87
1500 177.0 0.40 0.0014146 16.39
1750 170.8 0.39 0.0013173 15.82
2000 164.0 0.37 0.0012136 15.19
2250 156.8 0.35 0.0011078 14.51
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For the applied displacements of 0.3 mm, 0.35 mm and 0.4 mm the results are presented in
Tables 4.5, 4.6 and 4.7, respectively.
Table 4.5: Values of K for simulation with applied displacement of 0.3 mm.
a [µm] Rx [N] ux[µm] G [J/mm2] K[MPa
√
m]
10 43.1 0.000191 0.000164 5.59
20 60.6 0.000257 0.000312 7.69
40 84.5 0.000350 0.000592 10.60
80 115.2 0.000471 0.001085 14.36
160 150.5 0.000614 0.001849 18.74
250 198.8 0.000644 0.002561 22.06
500 267.1 0.000611 0.003263 24.90
750 276.8 0.000634 0.003511 25.83
1000 276.5 0.000634 0.003505 25.81
1250 271.5 0.000622 0.003377 25.33
1500 264.0 0.000604 0.003190 24.62
1750 255.0 0.000583 0.002971 23.76
2000 244.9 0.000559 0.002739 22.81
2250 234.2 0.000534 0.002500 21.79
Table 4.6: Values of K for simulation with applied displacement of 0.35 mm.
a [µm] Rx [N] ux[µm] G [J/mm2] K[MPa
√
m]
10 43.1 0.000223 0.000224 6.52
20 60.6 0.000300 0.000424 8.97
40 84.5 0.000409 0.000805 12.37
80 115.2 0.000550 0.001476 16.75
160 150.5 0.000718 0.002517 21.87
250 198.8 0.000753 0.003484 25.73
500 267.1 0.000715 0.004437 29.04
750 276.8 0.000742 0.004776 30.12
1000 276.5 0.000742 0.004768 30.10
1250 271.5 0.000728 0.004596 29.55
1500 264.0 0.000707 0.004341 28.72
1750 255.0 0.000682 0.004044 27.72
2000 244.9 0.000654 0.003728 26.61
2250 234.2 0.000625 0.003403 25.43
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Table 4.7: Values of K for simulation with applied displacement of 0.4 mm.
a [µm] Rx [N] ux[µm] G [J/mm2] K[MPa
√
m]
10 57.4 0.000254 0.000292 7.45
20 80.6 0.000343 0.000553 10.25
40 112.4 0.000467 0.001050 14.13
80 153.3 0.000691 0.002119 20.06
160 200.1 0.000821 0.003285 24.98
250 263.5 0.000863 0.004547 29.39
500 353.3 0.000819 0.005787 33.16
750 366.1 0.000851 0.006230 34.41
1000 365.8 0.000850 0.006221 34.38
1250 359.3 0.000834 0.005996 33.75
1500 349.5 0.000810 0.005665 32.81
1750 337.7 0.000782 0.005278 31.67
2000 324.5 0.000750 0.004866 30.41
2250 254.9 0.000583 0.002971 23.76
The plot presented in Fig. 4.15 shows the evolution of K as a function of the crack size for the
different applied displacements.
Figure 4.15: Relations between crack size and stress intensity factor for different applied displace-
ments.
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The value of K increases as the applied displacement is increased, for the same crack length.
It can also be seen that, for the displacement controlled simulations, above a certain level of crack
length, between 750 µm and 1 mm, the value of K starts to decrease, while on the load controlled
simulation, presented in Fig. 4.14, K continues to increase with the crack length. This reduction is
essentially due to the decreasing of the stiffness, since the cross-section presents a smaller area and
inertia. As the crack length increases, the force necessary to keep imposing the same displacement
starts do decrease, resulting in lower stresses at the crack tip.
This way, a geometric stop criterion was defined in order to evaluate K. The values of the
stress intensity factor, K, were considered only for crack lengths inferior to 1.5 mm. Fig. 4.16
presents the resulting plot as well as fitting logarithmic functions.
Figure 4.16: Relations between crack size and stress intensity factor for different applied displace-
ments with stop criterion.
With the trendline equations and the values of ∆Kth and KIC it is possible to calculate crack
lengths ai and a f for the different applied displacements. For 0.2 and 0.3 mm, the maximum stress
intensity factor Kmax is always lower than KIC, meaning that the crack will never propagate in an
unstable way, and the specimen will only fail when the resistant section is too low to support the
applied moment (plastic failure).
For δ = 0.35mm, the crack length corresponding to ∆Kth is 9.7 µm and the crack length
corresponding to KIC is 461.9 µm. For 0.4 mm, the crack length corresponding to ∆Kth is 8.5 µm
and the crack length corresponding to KIC is 252.2 µm. This demonstrates that with the increase
of the applied displacement, the necessary crack length for the propagation to occur (∆K > ∆Kth)
decreases and also that the final crack length a f (Kmax > KIC) decreases as well, meaning that
crack propagation is shorter.
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4.1.3 Surface Roughness Influence Analysis
This section presents a tentative analysis of surface roughness effects on fatigue life of specimens
with representative AM surface roughnesses. In order to avoid the extra complexity of combined
effects of roughness and stress gradients due to notches, a dog-bone type of tensile specimen was
used with uniform stresses at gauge length.
In order to evaluate the influence of the surface roughness in the fatigue behaviour of parts,
simulations were carried out in geometries with different surface profiles. To do so, the surface
roughness of a specimen produced by MAM was measured and 1204 surface profiles obtained.
Each profile contains 1500 points distant 1 µm from each other, which translates into a surface
profile of 1.5 µm. The profiles were then introduced in software Abaqus on the surface of an
axial testing specimen with the geometry, boundary conditions and applied load presented in Fig.
4.17. The surface profile is introduced in the smallest rectangle on the left. For the simulation,
only a quarter of the specimen was modelled for the sake of computational time efficiency. The
numerical model of the specimen was built using 2D planar elements, CPS4, assuming a Young
Modulus of 190 GPa and a Poisson’s ratio of 0.3. The dimensions of the miniature specimen were
obtained from literature [84].
Figure 4.17: Specimen’s geometry and boundary conditions.
The mesh used for these simulations is presented in Fig. 4.18. Figs. 4.19, 4.20, 4.21 and 4.22
provide zooms, giving a detailed presentation of the mesh of one of the analysed surface profiles.
On the surface profile area, the mesh has been refined and the smallest element length is 1 µm
and goes up to 60 µm on the less refined regions. On the most distant regions from the the gauge
region, bigger elements could have been used, but the transition from very small elements to large
ones didn’t lead to good results in terms of mesh.
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Figure 4.18: Finite element mesh of the 1/4 of specimen with surface roughness.
Figure 4.19: Mesh refinement at the specimen’s gauge region for 1 of the 1204 surface profiles.
Figure 4.20: Mesh refinement on the surface roughness area.
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Figure 4.21: Example of a surface profile and its FE mesh.
Figure 4.22: Zoom-in of a roughness profile.
The goal is to analyse the influence of the surface roughness on stress concentration when
applying an axial load. The applied loads correspond to nominal stresses at the specimen cross-
section of 100, 150, 200 and 300 MPa. Different loads were used as on the plastic regime the
relation between stress and the applied force is not linear. These loads are calculated by:
F = σ ×A (4.4)
where σ is the nominal stress normal in x direction and A is the cross-section area. For a given
applied load, the equivalent stress distribution is presented in Fig. 4.23.
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Figure 4.23: Stress distribution throughout the specimen for one of the studied profiles.
Focusing on the interest area, the stress distribution is shown in Fig. 4.24. Figs. 4.25 and 4.26
present the stress concentration on the critical area which corresponds to a valley on the surface
which acts as a stress concentration spot, and eventually as a crack initiation and propagation
location.
Figure 4.24: Stress distribution on the rough region.
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Figure 4.25: Stress concentration on the surface roughness valley.
Figure 4.26: Stress concentration on the root of the roughness valley.
As it can be stated by analysing the previous figures, on the valleys there is a tensile stress
concentration while on the peaks there is a compressive stress concentration. As the specimens
have a tensile nominal stress, on the valleys the equivalent stress is the result of the sum of the
nominal applied stress and the stress caused by the surface finish that is a tensile stress since there
is located on a valley. On the other hand, on the peaks, the stress caused by the surface finish is
compressive. This way, the resultant stress is the difference between the nominal applied stress
and the previously mentioned stress. In this way, the critical regions are the valleys.
This way, as mentioned by Sigmund Kyrre Ås et al. [85], the average roughness, Ra, is not
a recommended parameter for characterizing surface features known to affect fatigue life, as it
neglects information on potentially critical surface grooves. Although it is still not an excellent
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indicator, the maximum valley depth is a better indicator, as it indicates the biggest valley of a
surface profile, which usually corresponds to the area where crack propagation will occur.
This way, for the nominal stresses of 100, 150, 200 and 300 MPa, numerical maximum stresses
were obtained for different surface profiles. The surface parameter Rv was calculated fr each
surface profile as this parameter presented the best correlation with the maximum stresses of each
simulation. For a nominal stress of 100 MPa, numerical peak stresses obtained for different surface
profiles are presented in Fig. 4.29. To obtain a curve for a stress ratio of 0.1, S-N curves for R=0
(Fig. 4.27) and R=-1 (Fig. 4.28) were used from CES EduPack [86] and an interpolation was
performed in order to obtain values for R=0.1. From the N=f(S) function the average values were
considered, the corresponding number of cycles for each numerical stress was obtained.
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Figure 4.27: 18Ni300 maraging steel S-N curve for R=0 [86].
Figure 4.28: 18Ni300 maraging steel S-N curve for R=-1 [86].
The samples were divided in 14 groups by ascending order of Rv. Each group contains 86
samples. This way, the first group contains the 86 samples with the smallest values of Rv and the
last group contains the 86 samples with the highest values of Rv. Each one of the dots presented
in Fig. 4.29 represents one of the 14 groups in which the 1204 roughness samples were divided.
Each dot corresponds to the average Rv value for each group and the vertical line corresponds to
twice the standard deviation of the predictions. Figures 4.30, 4.31 and 4.32 present the obtained
plots for the nominal stresses of 150, 200 and 300 MPa, respectively.
As expected, for the same nominal stress, there is a trend that the numerical stresses increase
with the value of Rv, meaning that a worse surface quality of a part will translate into an higher
stress concentration and consequently in a shorter life. Additionally, for nominal stresses of 200
and 300 MPa, the numerical stresses obtained are so high that it is not adequate to associate it
with fatigue, as these stresses are superior to the ultimate tensile strength of the material (or really
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close), and would not resist cycling loading. Additionally, the values of the obtained peak stresses
are overestimated. This is due to the fact that the measured surface profile is a point cloud. To
model a continuous curve in Abaqus, these points were linked with straight lines resulting in sharp
corners where stresses rise and tend to infinite values.
This way, it is demonstrated in this section that this approach is not a good quantitative eval-
uation and not a good method to estimate the number of cycles of rough surfaces, as this analysis
lead to large safety factors and very conservative designs [85]. Although, this is a good qualitative
analysis, as it presents clearly the influence of the surface quality in terms of the stress concentra-
tion, and therefore, fatigue life. For such high roughness values, they behave as surface cracks and
fracture mechanics could be the proper approach. In this way, the very large peak stresses are not
a problem since they are normal in fracture mechanics approaches. In that case, stress intensities
are used instead of peak stress at crack tips
4.2 Material Characterisation
In this sub-chapter the results of the characterisation of the materials are presented.
4.2.1 Microstructure Analysis and Hardness Measurements
Table 4.8 presents the results of the hardness measurements for both as-built and heat treated
specimens made of CM material. The heat treatments performed are presented in Section 3.5.1.1.
Table 4.8: Hardness measurements for conventional 18Ni300 specimens
Measurement Hardness (HRC)
As-delivered
1 29
2 27
3 29
x¯ 28
Heat Treated
1 48
2 49
3 50
x¯ 49
The hardness values measured in the as-delivered conventional specimens (CM) was approxi-
mately 28 HRC and in the heat treated conventional specimens (CMT) of 49 HRC are in line with
the values suggested in the literature [62]. In fact, the ageing treatment allowed an increase of the
hardness of around 72%.
The hardness of the AM specimens (both A and B: produced with the same material) were
also measured. The obtained values are presented in Table 4.9
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Table 4.9: Hardness measurements of AM 18Ni300 specimens.
Measurement Hardness (HRC)
AM
1 38
2 38
3 38
x¯ 38
4.2.2 Surface Roughness Measurements
As mentioned on the previous chapter, the surface roughness of the different specimens was mea-
sured on the notch area, in order to evaluate the surface quality of the specimens. Table 4.10
presents the values of the measured surface roughness parameters.
Table 4.10: Surface roughness measurements (µm) of AM specimens on the notch area.
Specimen Measurement Ra Rz Rv
Machined
1 1.00 8.49 3.25
2 1.05 7.74 2.95
3 1.10 7.67 2.82
4 0.92 7.36 2.21
x¯ 1.02 7.82 2.81
As-Built
1 5.25 41.43 20.12
2 5.21 39.59 19.66
3 5.18 40.90 20.14
4 5.47 39.21 19.44
x¯ 5.28 40.28 19.84
As expected, the series A specimens, where the notch was machined after the SLM process,
exhibit a much better surface quality. Although in terms of average roughness, Ra, the specimens
from series B present an acceptable quality, even though worse than the specimens A (5 times
worse). When focusing on the other two roughness parameters the differences are clear.Rz values
for B specimens are 5 times higher than A specimens. Evaluating Rv, the maximum valley depth, a
considerable deviation is observed (values are 7 times higher) which is expected to have influence
in the fatigue strength of the specimen. In fact, as demonstrated in section 4.1.3, these valleys are
propitious for the fatigue crack initiation.
The values of the surface roughness parameters measured on the conventionally manufactured
specimens are expressed in Table 4.11.
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Table 4.11: Surface roughness measurements (µm) of the conventionally manufactured specimens
on the notch area.
Specimen Measurement Ra Rz Rv
CM
1 1.26 8.36 4.70
2 0.90 5.97 3.36
3 0.86 5.24 3.00
4 0.50 2.66 1.66
x¯ 0.88 5.56 3.18
CMT
1 1.49 6.92 2.70
2 1.21 10.77 7.66
3 0.71 8.54 5.81
4 0.38 4.40 3.06
x¯ 0.95 4.40 4.81
The surface roughness values of the CM and CMT specimens are very similar. As they were
manufactured at the same time with the same machining parameters, the only difference between
them is the posterior heat treatment. Although a layer of oxide is created on the surface of the
CMT specimens during the heat treatment, these specimens were polished on the notch area so
there are no significant differences in their surface quality in this critical area. This polishing was
performed manually and the notch’s dimensions are very small (4 mm diameter) which justifies the
fact that the obtained surface roughnesses are not lower than the ones on the machined specimens.
4.2.3 Microstructure Analysis
In order to characterise the material microstructure, several observations under different condi-
tions of etching and in the different directions were performed. These analysis focused in the AM
material since the main interest of these procedures is to analyse and evaluate the AM material
conditions, verify the presence of defects, analyse some of the process and construction param-
eters, etc. Unetched optical images do not reveal any phases information, nor information about
the process parameters. They are mainly used to evaluate the presence of non-metallic inclusions,
porosities and cracks. As porosity is very relevant in terms of mechanical behaviour of AM parts,
these optical images allowed an optical measurement of the porosities.
This way, the porosities in all 3 samples were analysed. To do so, different images of different
sections were evaluated. The optical images of sample 1 are presented in Fig. 4.33 and Fig. 4.34
where some defects are highlighted.
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Figure 4.33: Optical image of unetched sample 1.
Figure 4.34: Optical images on unetched sample 1.
In Fig. 4.34 different types of pores can be observed. The round pores are caused by the
entrapped gas during melting and the irregular pores are lack of fusion pores [25]. The results of
the optical measurements of porosity for sample 1 are presented in Table 4.12. These measure-
ments were performed in different regions of the sample as the porosity was not equally distributed
throughout the sample.
For sample 2, which corresponds to a sample of the transversal plane, the optical images are
presented in Fig. 4.35, Fig. 4.36 and Fig. 4.37. The latest shows the presence of a copper-coloured
inclusion, which may have appeared due to a contamination during the SLM process or during the
polishing procedure previous to the optical microscope observation.
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Table 4.12: Porosity values obtained through optical measurement in sample 1.
Measurement Porosity (%)
1 1.63
2 1.20
3 0.69
4 2.09
x¯ 1.41
Figure 4.35: Optical image of unetched sample 2.
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Figure 4.36: Optical images highlighting defects in sample 2.
Figure 4.37: Optical image showing contamination in sample 2.
The porosity values for sample 2 are presented in Table 4.13
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Table 4.13: Porosity values obtained through optical measurement in sample 2.
Measurement Porosity (%)
1 0.60
2 0.91
3 0.72
4 1.72
x¯ 0.99
Sample 3 corresponds to the analysis of another specimen with a smaller height, meaning its
construction was finished before the the construction of the specimen used for sample 1 and 2. Its
optical images are presented in Fig. 4.38.
Figure 4.38: Optical images of sample 3.
The presence of several pores, some of them with a considerable size, suggests there may have
been a problem during the SLM process. The results of the optical measurements of porosity for
sample 3 are presented in Table 4.14.
Table 4.14: Porosity values obtained through optical measurement in sample 3.
Measurement Porosity (%)
1 0.42
2 0.38
3 0.24
4 0.56
x¯ 0.40
This way, this material presents in average a relative density of approximately 99.07 %, dif-
fering in about 0.8 % from the theoretical relative density typically suggested by the suppliers
(99.9%). The higher porosity may lead to a worse mechanical and fatigue behaviour of the pro-
duced parts.
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The samples were also observed after submitted to the chemical etching. This procedure
enabled the visualisation of some defects and the grain outline which were not visible on the
unetched samples and some process parameters. Observation made in the longitudinal surfaces
(perpendicular with to building direction) allowed the visualisation of the scanning strategy while
in the transversal surface (parallel to the building direction) it is possible to visualise the layers
and their thickness as well as the melting pools. Note that, for the longitudinal optical images, as
the layer thickness is very small (around 30 µm, it is possible that several layers are present in one
optical image as shown in Fig. 4.39 due to the fact that it is almost impossible to cut a sample
parallel to the plane of a layer, which can be seen after polishing the layer. This figure presents
well defined laser tracks, indicating the scanning strategy which appears to be 120 °. The borders
Figure 4.39: Optical image showing the laser track.
of the produced parts contain several defects as it can be seen in Fig. 4.40 and Fig. 4.41. Fig. 4.40
shows clear differences on the contour as well as some pores, and even a sintered grain outside the
boundaries of the part (right image). Fig. 4.41 also shows the presence of defects in this area. In
this region the scanning strategy, laser power and scanning speed are also different. The contour
area presents a different melting pattern, due to the fact that during construction, this area is in
contact with unmelted powder which acts as insulator, which compared to solid metal has a very
smaller thermal conductivity.
99
Results and Discussion
Figure 4.40: Optical images presenting border defects on sample 1.
Figure 4.41: Optical images showing pores on sample 1.
Optical images taken from the transversal surface are presented in Fig. 4.42 and Fig. 4.43. In
these figures, it is clear to the see the differences in the borders due to the smaller heat conduction,
which results in a higher heat penetration to the interior of the specimen (higher melt pool depth).
In Fig. 4.42 several layers can be observed and it is possible to observe the molten pools created
along the laser movement. These pools present a half-ellipse geometry. In theory, the height of the
half-ellipses is slightly higher than the powder layer thickness to assure cohesion between layers
and the base widths are approximately equal to laser spot diameter. In Fig. 4.43 border defects
can be visualised: the layer presents a different geometry and there are gas pores (the round ones)
and lack of fusion pores.
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Figure 4.42: Optical image showing consecutive layers along the building direction.
Figure 4.43: Optical image showing defects near border.
4.3 Fatigue Tests
In this section the results of the fatigue tests are presented. The results for the CM specimens are
presented in Table 4.15. Note that the presented values for the loads are an average of the values
measured by the two load cells. The presented parameters are:
• Spec.: Specimen reference;
• ∆δ : Displacement range;
• Ni: Number of cycles until crack initiation;
• N f : Number of cycles until rupture;
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• ∆F : Load range;
Table 4.15: Fatigue tests results of the CM specimens.
∆δ [mm] Spec. Ni N f ∆F [N]
0.1 CM1 5×106 5×106 122.5
0.3
CM2 5×106 5×106 365
CM3 264337 313034 360
CM4 5×106 5×106 320
CM5 3641580 3690269 407.5
0.35
CM12 170431 201735 420
CM13 5×106 5×106 365
CM14 5×106 5×106 355
CM15 5×106 5×106 425
0.4 CM16 73044 93910 485
0.45
CM9 34785 45220 515
CM10 24349 38264 540
CM11 17390 34782 515
0.6
CM6 10439 24349 650
CM7 10439 13914 635
CM8 3480 17392 630
The results for the A and B specimens are presented in Table 4.16 and Table 4.17, respectively.
Table 4.16: Fatigue tests results of the AM A specimens.
∆δ [mm] Spec. Ni N f ∆F [N]
0.27
A9 585000 627000 297.5
A11 1888612 1937309 305
0.3
A4 1276465 1304292 377.5
A5 1408636 1453850 332.5
A6 817357 869530 370
0.4
A1 31307 55650 470
A2 27828 45219 440
A3 187821 212168 502.5
The derived S-N curves are presented in Figs. 4.44 and 4.45. Fig. 4.44 presents the S-N curves
using peak values of the stress obtained through the FEM analysis, while Fig. 4.45 presents the
S-N curves using nominal stress values. For both curves the number of cycles corresponds to the
number of cycles for crack initiation Ni.
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Table 4.17: Fatigue tests results of the AM B specimens.
∆δ [mm] Spec. Ni N f ∆F [N]
0.17
B6 4650250 4653710 202.5
B7 5×106 5×106 200
0.27
B9 90414 118233 297.5
B10 153007 187785 325
B11 83461 121710 300
0.3
B3 80000 111303 365
B4 135646 156518 375
B5 73040 90435 382.5
0.17
B1 31293 55620 480
B2 31303 48696 430
Figure 4.44: Experimental S-N curves obtained using numerical notch stresses.
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Figure 4.45: Experimental S-N curve obtained using nominal stresses.
As it can be seen, there are differences between the S-N curves, which are due to different
material conditions. From these curves it can be stated that the conventionally manufactured
specimens, in this as-delivered condition, presented the best fatigue resistance. Both series of
AM specimens revealed a worse fatigue strength. Additionally, B specimens presented the worst
fatigue resistance which was expected as they had a worse surface quality. Furthermore, the three
heat-treated conventionally manufactured specimens which were tested showed a similar fatigue
strength to the non-treated specimens, which was not expected, but further tests are required for
this series to verify the global trendy and specially for high cycle regimes. The R2 correlation
values obtained for the CM and AM as-built S-N curves (0.81 and 0.87, respectively) are quite
satisfatory. The AM machined S-N curve presents higher scatter. As expected, the CM S-N curve
presented the best fatigue resistance while between the AM, the machined specimens showed a
better fatigue resistance than the as-built specimens.
Observing the S-N curve presented in Fig. 4.45, the nominal stresses are too high for the
corresponding number of cycles, due to the fact that the experimental model presents flexibility.
This way, the real local stresses at the notch area are lower than the nominal stresses.
From the observation of the S-N curve presented in Fig. 4.44, the numerical stresses are too
high for the corresponding number of cycles. This is due to fact that the on the numerical model,
the contacts between the gripping parts and the specimen were defined as ties. This does not
correspond to reality, as the experimental set presents flexibility, not considered in the model.
The alternated stresses are calculated by doing the difference between the maximum stress, σmax,
and the minimum stress,σmin. As there is plastic strain on the specimen, the σmin is negative (the
compression occurs in the numeric model on the 10% loading, leading to a higher alternated stress.
This graphic is a hybrid of numeric/experimental. This way, in order to evaluate the influence of
the model’s flexibility in terms of stresses, reaction forces and plastic strains, contact between the
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gripping system and the specimen was changed and a friction coefficient of 0.15 was introduced.
This way, the values of the reaction forces, stresses in x direction and plastic strain were measured
for a cyclic loading in 3 different situations: a) both contacts are defined as ties (situation used
in this work); b) only bottom contact is tied; c) no ties are used. The applied displacement is
presented in Fig. 4.46. Results for the reaction forces, stresses and plastic strains are presented in
Fig. 4.47, Fig. 4.48 and Fig. 4.49, respectively.
Figure 4.46: Displacement applied over time.
Figure 4.47: Reaction Forces for different contact definitions.
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Figure 4.48: Elastoplastic stresses for different contact definitions.
Figure 4.49: Plastic Strains for different contact definitions.
As it can be seen, the untied model presents lower values for the 3 evaluated parameters as
it has less restriction, resulting in lower stiffnesses, which consequently result in lower values
of the reaction forces, plastic strains and stresses, for the same applied displacement. Fig. 4.48
shows that for the tied model, the stress range ∆σ , is approximately 2000 MPa while for the
untied model its value drops to approximately 1400 MPa. Fig. 4.49 presents that the plastic strain
values also drop for almost 50% for the untied model. As it can be seen, in T=1 (maximum
applied displacement), the material suffers plastic strain permanently, justifying the constant value
of plastic strain after T=1, even when the load drops. The values of the reaction forces are also
higher on all tied contact models. On the all-tied configuration, as there is a high plastic strain for
T=1, the material presents compressive stresses for T=2, as it already suffered distortion and there
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is a resistance to return the initial displacement. In Fig. 4.47 it can be seen that for the all-tied
configuration, on T=2, where the displacement is 10% of the maximum displacement, the reaction
force is saturated in 0. This is due to the fact that during loading (T=1), the specimen suffers high
plastic strains. Afterwards, when the loading is releaved, the plastic return occurs, but the system
does not return to the original position. The specimen has a distortion in such way that when the
applied displacement on T=2 (0.06mm), the displacement actuator no longer causes strain on the
specimen, leading to a reaction force value of 0.
The stress distribution for the all-tied, bottom-tied and no-tied contacts are presented in Fig.
4.50, Fig. 4.51 and Fig. 4.52, respectively for the Step Time 1 (T=1). These figures show that
for different contact conditions the stress distribution differs as well as the stress values. For
the all-tied configuration, there is a compressive stress concentration on the the contact region
between the specimen and the top gripper, that does not exist on the other two configurations. For
the bottom tied configuration, there is still a tensile stress concentration on the region of contact
between the lower gripper and the specimen, that does not exist on the no-tied model.
Figure 4.50: Stress distribution for 2 tied contacts model.
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Figure 4.51: Stress distribution for bottom tied contact model.
Figure 4.52: Stress distribution for untied contacts model.
From this analysis it can be concluded that on the numerical model, the contacts must be
enhanced so that the obtained stress values are a better approximation of the real ones. Also, the
experimental validation/calibration of the stress distributions would be required using either strain
gauges and digital image correlation.
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4.4 Fatigue Life Prediction
In section 4.1.2, the curves K = f (a) are presented for the applied displacements of 0.2, 0.3, 0.35
and 0.4 mm. The results of the calculated number of cycles until failure N f using Equation (3.6)
are presented in Table 4.18.
Table 4.18: Fatigue life estimation for different applied displacements.
Applied Displacement Nf
0.2 56800
0.3 4680
0.35 2290
0.4 640
As it can be seen, the obtained number of cycles is very low when compared to the experi-
mental results. This is due to the fact that the numerical model, as explained in Section 4.3, is
very rigid when compared to the experimental model. As explained before, the definition of the
contacts between the gripping system and the specimen as ties leads to a rise on the alternated
stresses and reaction forces. When simulating a crack, this effect is aggravated due to the stress
concentration at the crack tip. This way, the obtained values for nodal forces and displacements
are very high, leading to extremely high values of ∆K.
Thereby, the obtained values for the stress intensity factor are not accurate and, consequently,
the number of cycles until failure, N f is also incorrect. In order to obtain more accurate results,
the contacts in the numerical model need to be enhanced (experimental calibration, for example)
in order to obtain a better approximation of the reality.
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Chapter 5
Conclusions and Future Works
5.1 Conclusions
The main goal of the present work consisted in characterising the fatigue behaviour of the 18Ni300
maraging steel, and establishing a comparison between the one produced by AM and the one
produced by conventional process. Although it was not possible to test the heat-treated specimens
due to lack of time, a fatigue characterisation of the 18Ni300 maraging steel was performed and
a comparison between the AM and CM material was carried out and some conclusions can be
withdrawn. The main conclusions of this work are:
• Although the SLM process allows the production of functional parts, the process parameters
must be meticulously defined in order to obtain parts with good mechanical properties;
• The AM specimens presented a relative density of 99.1 % due to the presence of lack-of-
fusion and trapped gas pores which can justify a worse fatigue behaviour of these specimens;
• The microstructure analysis revealed some defects on the AM specimens, specially near the
borders, where unsintered grains were visible, and areas with large pores, suggesting high
scanning speeds. Defects close to the surface tend to lower even more the fatigue life of the
specimens;
• The AM specimens presented a worse surface quality in the as-built condition. As expected,
the A specimens where the notch was machined after the SLM process presented a better
surface quality on the notch area than the ones with the notch produced during the SLM
process;
• The specimen geometry adopted for this work revealed to be too small for testing on the
available machine. Since the specimen’s dimensions were very small (22× 7× 5mm), a
small change on the value of the applied displacement, which was adjusted manually, re-
sulted in a big variation in terms of stress on the specimen. Additionally, variations of
tenths of millimeter are very hard to be executed on the machine. Furthermore, the loads
cells present low accuracy for the tested load ranges;
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• The numerical stresses obtained by FEM analysis revealed to be too high for the correspond-
ing number of cycles resultant from the fatigue tests. This demonstrates that the FEM model
is much more rigid than the experimental model, due to the fact that the contact conditions
between the different parts of the model were defined as ties, while the experimental model
had much more flexibility;
• The nominal stresses, calculated with the load values measured by the load cells, are also
higher than expected, suggesting that the experimental model presents flexibility. More
specifically, the grippers used may be slightly moving during testing, which results in a
smaller stress on the specimen. If there is some plasticity on the experimental tests, the
difference between the nominal stresses and the real ones is even higher than the real ones,
as the nominal stresses are calculated for the linear-elastic regime;
• Maximum surface valley depth, Rv revealed to be a good parameter to evaluate stress con-
centration on surface defects, which can result in worse fatigue behaviour of parts. This is
confirmed by both approaches: in the experimental tests, the B specimens showed shorter
fatigue lives than the A specimens. On the surface roughness analysis using FEM, surface
profiles with higher values of Rv presented higher stress concentration;
• CM specimens presented better fatigue lives than AM specimens. On the AM specimens,
the machined specimens presented better fatigue lives than as-built specimens. The observed
differences could be attributed to surface roughness effects as well as near surface defects;
• VCCT analysis confirmed that load-controlled tests lead to a faster crack propagation than
displacement-controlled tests, as the value of stress intensity factor K keeps increasing with
crack length. This is due to the fact that for load-controlled tests, the applied load is con-
stant throughout the test, while on displacement-controlled tests, as the crack increases, the
necessary load to apply the defined displacement begins to decrease, resulting in a slower
crack propagation;
• The estimated number of cycles until failure, N f , revealed to be incorrect, as the numerical
values of K are extremely high due to the fact that the numerical model is too rigid, rising
the values of the nodal force tips and displacements during VCCT analysis. Also, the fatigue
crack propagation phase is expected to be small as compared to fatigue crack initiation from
an existing defect.
5.2 Future Works
With the purpose of continuing to develop the work carried out in the present work, some sugges-
tions are presented:
• Improving the FEM model, adjusting the contact between the different components with
the goal of obtaining more precise stresses for the applied displacements. Experimental
validation is recommended.
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• Turning the FEM model into a 3D model, which would give more precise results, although
the computation time would rise;
• Performing fatigue tests with specimens with slightly bigger dimensions, in order to im-
prove the stiffness of the specimen, allowing the utilisation of high displacements, which
would ease the selection of these parameter and lower the relative error (%) of the applied
displacements and measured forces;
• Producing another board of specimens, this time producing them in the three different build-
ing orientation, in order to study the influence of these parameter in terms of fatigue be-
haviour;
• Applying a extensometer or digital image correlation in order to measure strain during test-
ing;
• Carrying out fatigue tests on the heat-treated specimens;
• Performing simulations using Visual AM by ESI, in order to test the influence of several
process parameters on the appearing of residual stresses and to analyse the distribution of
these stresses on the specimen;
• Comparing 18Ni300 maraging steel results with other materials;
• Investigate the fracture surfaces by SEM in order to understand crack initiation spots and
their relation between defects;
• Investigate further AM material microstructures such as the melt pools that have been re-
vealed in the literature that have significant impact on material behaviour;
• Investigate further the roughness based models for fatigue simulation.
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Appendix A
Technical Drawing of Miniature
Specimen
This appendix presents the technical drawing of the adopted specimens for this work. This drawing
is presented in Fig.A.1.
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Technical Drawing of Miniature Specimen
Figure A.1: Technical drawing of specimen
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